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INTRODUCTION.

’Fﬁdiaig River, a tributary of t;g;Meramec River in southeastérn-
Misédddi;“drains an area known aéithéfﬂold:Lead Belt", This area,’
former1y>thé'wor1d's leading produced df Tead, is no longer actively
minédiithe last mine in the 01d té;diBéTticlosed in 1972. However,
other areas of the watershed downstreah;df"the 01d Lead Belt are
present]irmiﬁed for barite (tiff) i Tailings from the abandoned Pb mines
were deposited in massive heaps throughout ‘the region and remain the B
most. prominent features of the 1andscape in the vicinity of Bonne Terre,
Des}o@é;“Leadwood, Elvins, and F15t‘R1ver,. These tailings have been,
1dent1fted as a potentially si§n1f1t§ht environmental hazard because of
their high concentrations of tox{t;métals, The problem, and the area,
retentl} received some notoriety'whedztﬁé‘Missouri Department of
Conservation made public the resuits of 1ts survey of Pb residues in Big
River fishes (Czarneski 1980) and, a-short time later, issued a press
retééggicaut1on1ng 1ocal resident§?39§1nst eating some fishes because of
high Pb residues. 7 o t;: | |

In 1977 a severe thunderstorm resu]ted in the collapse of an
unmaintained tailings deposit situated a]ong the Big River upstream of
Dés]oge, which resulted in some 50 000’yds3 of Pb=, Cd-, and Zn=rich
ta111ngs -being washed {nto the r1ver (Novak and Hasselwander 1980,
Hh1tley 1980) Less catastrophic, but nonethe1ess significant, 1nputs
cont1nue:to occur as a result of gros1on:at this site and at other
unma1ntaihed tailings piles in the;négjdﬁ (Kramer 1976, N, Gale,.

persdhal communication). BariteJtéiTings structures have also failed,
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with'resujtiﬁg inputs of Ba-rich bediﬁg5i§kinto Big River tributaries
downstrean of the 01d Lead Belt (Hocutt et al. 1978). The M.S. thesis
by Kramer (1976 unpublished) containsré_tEOrough review of the area;s
geoldgyéfgéomorphology, and mining.h1§EOry; it, along with the
USGSoStaféidf Missouri (1967) suryéy dgihfﬁeral resources and the recent
article76¥ Whitley (1980) shouldzbéAégpsulted for further background
information. el

Thé;h.s. Army Corps of Engineers,iSt; Louis District, has proposed
the,construcﬁion of Pine Ford Lakgj:a multi-purpose storage reservoir,
on the mid-to-lower reaches of the'B{ééRiver. Because the 1mpoundmént
wou]&_be‘situated downstream of bb}h the 01d Lead Belt tailings and the
active open-pit barite mines in the:middfe portions of the watershed,
concéﬁnéfhave.been voiced regarding Ehe;fate of the potentially goxic
metals présent in the watershed, ’Partiy_in response to these concer&s,
the pre$§nt study was designed toieyﬁlﬂéte the magnitude of the ﬁface
metals proB1em in the Big River wdtershe& under present conditions, and
to proQLde'pre11minary data with whigh to assess the impacts of the
proposed reservoir on trace metal dynamics., Clearwater Lake, a
mu1t1-bdépose impoundment on the Biéikifiver near Piedmont, Mo., which
is 6perated by the Corp's Little ﬁﬁ?kfoistrict, was selected for
ihclusibﬁ in this study because 1imnofpgi¢a1 conditions there are-
similaé‘to those that would likelytbccur in the proposed Pine Ford Lake.
Many’tribdﬂéries of the Black RiVer:upéfream of Clearwater Lake drain
Misgo;b1's "New Lead Belt", whereiéﬁ;m1n1ng presently occurs (Gale et
al. 1976). S

Tﬁé present study was intended tp:yield a great deal of bésic

information in an extremely 11mi£éd‘t1mespan on the transport, dynamics,
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fate and, to a lesser extent, b.io']%qgriéalfeffects, of potentially toxic
meta]s;gﬁanating from past and presenﬁ¥mining operations in the Big and
Black River watersheds. The study,'iﬁich began in the Spring of 1980,

i

ii was designed and conducted from»an‘app1ied, operational perspective and

was {ntended to be neither al1cinc1u§i§e'hor completely quantitativé;

ii rather, it has the following limigéd'obj;ctives: (1) to survey the -
présénf extent of contaminatfon byﬁméﬁgjs in the Big and Black Rivef-
watebshedé in an attempt to detérh}ne'if;_where, and to what degree the

7 metalﬁ §fe'accumu1at1ng; (2) to evaluéEp"ﬁéta]s transport in the two
waté?sheds and arrive at a simblegaéss balénce; (3) to determiné, tq‘the
extentfpégsible, the chemical fbrmsuot,yﬁé metals in the active |
sediments- and how these form§ m{ggiibéj;fféred under conditions ;;p{cé1

of arresérvoir environment; (4) to determine the availability‘of'metals 

to the biota at different locations, and then relate this apparent

biological availability to the,chemfca]rfgrhs present; and (5) to™

determine whether or not selected aqquiC'organisms show symptoms

i 1nd1cat17ve; of chronic exposure tofé’1evated Pb levels,




METHODS OF STUDY

: Theistudy area (Fig. 1) fnc]udedﬁgirso-mi (128-km) section of the
Big R1ver and a 40-mi (64-km) section of the B8lack River. Samples were
col]ected at five locations in the Big R1ver Basin: at an upstream
"cohtée]“ site near Irondale, where there has been no active mining
since 1921? at three "affected" sites 16cated 5 mi (8 km, Desloge), .
37‘51 (59 km, Washington State- Park) and 60 mi (96 km, Brown's Ford)
downstream of the Desloge tailings’ pondﬁeam break; and at a 1ocation on
Minera] Eork; a major tributary thaterins-the Big River downstream of
washfngtonrstate Park. Col1ect1oﬁ*si€e; {n fhe Black River Basin were
located ét a flowing water site upsfreém of Clearwater Lake near _.
Annapolis; at a flowing water sjte epproximately 1.0 mi (1.6 km)
downstr;émiof Clearwater Dam, and 1nrfﬁe;81ack River Arm of Clearwater

Lake{ Other pertinent data forrtheee‘sites are contained in Table 1.

Field Studies

A trace metal survey of the biota of ‘the Big River and Black River
study»ereaS'was completed in Summer 1980. Longear sunfish (L egomis

megalotis), black and golden redhorse-suckers (Moxostoma duquesnei; M.

erzthrurum), and several species of ;étfish (Ictalurus natalus; I.

nebulosus; I. punctatus; Pylodictis olivaris) were collected for trace

metaT,aﬁ81ysis at every f1ow1ng=wete;t§1fe-by electrofishing.

Sma]]mouth bass (Micropterus do]omieui) were collected at every site

except downstream from Clearwater Dam, where spotted bass (M.

¢ W

A

e

Gl ER O B | Y WY




\;) DESLOGE

- -,.-Figurel_.
-~ = D BIG RIVER STUDY AREA

sealo of milos

L]

—
10 20

X tailings pends

8tudy
Ar08 S——n,|

T T T e R e e Y A e A




N BA A, A A A

Table 1. Collection sites, Big and Black Rivers

River Basin CNFRL USACE
Site Site# Site# County Narrative Description
‘ -I : - ‘ N
. Big River ! W
AL . EE ‘ ’ S
Irondale 3 124 Washington AN samples collected at Highway U Brndge,‘upstream |
: (Mest) of Irondale. s
Desloge 2 10 St. Francois Hater and biota samples collected near the south
U.S. 67 bridge, 0.5 mi (.8 km) upstream of the
confluence of Flat River Creek. Sediment samples
collected about 0.5 mi downstream of the
confluence, on the property owned by W.C. Counts.
Washington
State Park 9 5 Hashington Water and biota samples collected at the Highway 21
P ’ o : ‘ o bridge° Sediment sampﬂes collected wnthin the park.
b ,f " Mineral Fork ; © 0 6 ' Washington . - 'All sampﬂes4coﬂdected at Htghway 47 brndge° o
2 o L ‘ . S A ; ‘ [ " :
‘ Brown's Ford - 1 4 - Jefferson : Aﬂv samples co]]ected at the Brown s Ford brnhge. ”
Black River
Upstream 4 3 Iron Water, plant, some fish, and crayfish samples
collected near the Highway X bridge (“K Park") -
sediment samples and some sunfish collected at
Champion Springs, near the USGS streamflow gage.
Clearwater ‘ A
Lake 6 2 Reynolds All samples collected in the former Black River
' channel near the confluence of ‘the Black River and
Logan Creek arms of the Lake.
. ' b
Downstream 5 1 Reynolds All samples collected within the grounds of the
Clearwater Dam Park.
RO PP MY R B O G [ Gl C )
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Euncfuiatus) were substituted. Blood samp]es were taken from 1ongear

sunfish to determine levels of the enzyme § -amino levulinic acid

dehydrgtase (ALA=D), an 1nd1cator of chron1c exposure to lead (Hodson
1976); Blood was collected in thegfield immediately upon capture. The
fisn«wecéfahesthetized in MS-222. - Blood was then drawn from the cauda)
artgrj'with sterile, heparinized_ﬁyiingés-and frozen immediately in

capped‘hép}rinized vials, Pocketbookqu§§e1s (Lampsilis ventricosa),

crayfish (Orconectes luteus, 0. punctihhnus), water willow (Justicia

americana), and attached algae (Osc1l1ator1a sp.) were also collected

for the”SUrvey. A1l samples were refr1gerated after collection and
frozen‘ubon return to the 1aboratory;* Freshwater mussels were depurated
in fﬁé,i;boratory a minimum of twoﬂdaygbefore freezing.

;';In addition to the fish c011§55§d4f§r_the survey, redhorsé_suckers

and northérn hogsuckers (Hypentel?ﬁmugiﬁricans) were collected at

Deé¥o§é;iwashington State Park,_Léé&Wbod,fand Irondale in March 1981,
Blood wégicollected from these fish én&:frozen in capped heparinize&
vials to be analyzed later for ALA;b and blood-Pb concentrations.
Tissue—sambles from these fish were'a1sorana1yzed for Pb,

_Wéter samples were collected ét'1GW'flow (July 1980), medium flow
(April-1981), and high flow (May 1981). Multi-vertical,
depﬁﬁ;fnfegrafed samples for wateE"§J311ty»and trace metal analyseé were
collected at equally spaced 1nterva1s¥écrgss the river channel and
traﬁs%éﬁiéd into a Nalgene USGS cgdfﬁ:?ypé-splitter (USGS 1977). -
Particles were kept in suspension 1n this container by constant churning
of the colTected water. From this larger volume, subsamples were

dispensed,intp polyethylene cubitainer51 Unfiltered water samples were



acidified immediately to pH 2 Qith'HNO3s;-Fi?tered samples were
acidified after passing through a 0.45 u nitrocellulose membrane filter.
At low flow three filtered and three unf1]tered water samples were
coIlected_at every river site, and sing]e samples were taken at the
surfaoe and at depths of 5 mand 10 m in Clearwater Lake. Trace metal
results from these low flow samples fnd1cated no significant differences
(p<0. 01) among replicates of filtered or- unfiltered water samples.
Rep11cat1on at medium and high flow was therefore reduced to col1ect10n
of two filtered and two unfi]tered santp]es° Additional samples were
to11€€ted'for analyses of other'wéter qoality parameters. .

| Transport of material along the channel bottom was also measured at
Tow, medium?gend high flow. Movement was“neasured at low and medium
flow with a GBC hand-held bed]oad sampler (GBC, Inc., Denver, Cole)rand
at hrgh flow with a cable suspended bedload samp?er (Helley and Smith

1971; GBC, Inc.). Samples were taken'1n right, left, and center channel

locationss :

Ano{her phase of the study was designed to evaluate the
bioa&gilabi]ity of heavy metals fntihe aquatic environment as indicated
by the uotake of metals by organisms.f,The pocketbook mussel was
selected for this study because-(a) it occurs naturally throughout the

study area; (b) its characteristic filter feeding makes it directly

susceoodble'to suspended metals; end%io)¥other studies (e.g.,

Schulz=Ba1des 1978) have shown it to be a good accumulator of meta1s

that 1s relatively unaffected by hand]ing and confinement for extended
periods. About 300 pocketbook mussels.were collected from the Bourbeuse

River south of Owensviile, Mo. and sdomerged in weighted, epoxy-coated,
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hardwa;eic]oth cages at Brown's Fo;dé:uesloge, Irondale, Black River
upstream of Clearwater Lake (Champion.sorings). in a deep area of
Clearwater Lake, and at a site downstream of Clearwater Dam. From
October through December, 1980, mussels were removed from the cages
every two weeks for an 8-wk period, returned to the laboratory for a
3=day depuration period, and frozen for subsequent trace metal analyses°
The 8-wk exposure study was repeated between July and September, 1981.
In this second study, an add1t1ona]!site.at Washington State Park was
1nc1uded; 'C1earwater Lake was deleted From'the second study because of
summer stratification in the lake and because of repeated vandaHsma
Concurrent with the mussel accumu]at1on studies, active streambed
sediments were collected in December 1980 and in August 1981 and
returned to the laboratory for ana1ysts to determine the concentrations
and=chem3ca1 forms of heavy metals,lnrthe surficial sediments. "Riffle"
(scouring)iand "pool" habtitats were identified at each stream site «and
three sed1ment samples of each type. were collected at each location.
Scuba divers collected bottom sedjmentsﬁ;rom Clearwater Lake, Because
of'equipment problems that developed during the December trip, several
modifiCations of sampling equipment>and procedures resulted. The
followingrtechnique was developed”andﬁutilized for the August sample
COIJBCtion: A 3-inch diaphragm pu@p (Homelite) drew bottom sediments
throughea:;emm mesh sieve and 3o1nchidtaneter polyethylene hose into‘a
con{cal;'acid washed, 200-L setti_;ng:jantainer° The container was then
sealed and purged with nitrogen to"preuent further oxidation of the

sediments, Sediments were a110wed_tdtsett1e for 90 min and were then

drawn“TrOm the bottom of the container:into acid washed, linear
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polyethylene'bottles. To avoid oxidatidn;“each sample was purged with
nitrogen'and sealed immediately after collection. Samples were packaged
in ice and transported to the laboratory with1n 24 h after termination

of collection°

Labonatdrx_Analyses

'All@samples were analyzed fon*re51dues of Pb, Cd, Cu, In, Fe, Mn,
and ua° “inltially, samples were al:e analyzed for Ag, but because of
extremely low or non-detectable levels, this metal was deleted.

Analyses were by flame atomic absorption (flame AA; Perkin-Elmer Model
603 atomlc absorption spectrophotometer wlth a deuterium background
corrector and a Model 56 recorder) and by furnace atomic absorptlon
(furnace AA; Perkin=Elmer HGA 2200 heated graphlte atomizer with a Model
Asel'aute;sampllng system). Detecflonillnits are Tisted in Table 2,
Samples that were relatively high 1n'trace metal concentration (greater
than three tlmes the detection llmit) were analyzed by flame AA, .r

Generally, Cu, Zn, Fe, and Mn were. analyzed by flame AA, and Pb and Cd

were analyzed by furnace. A scan of all metals was done on a Jarrel-Ash

Model stnlnductively Coupled Argon élaeha (ICAP) spectrophotometer.
This methodrylelded the best estlmates;oera concentrations. 7
The quallty control matrices used for this study were NBS bovine
liver, tuna, and oyster tissue. Results were deemed acceptable if
values generated by laboratory analysis were within 20% or 2 standard
deviaglons—of certified values for ahe:samples. Within every set of
samples apalyzed, 10% were blanks to,monjtbr any sample preparation.
contamlnatlon, and an additonal Zoi!yeré*bllnd replicates and spiked

sampleSsa V T
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Table 2, Netection limits! for biota,t§éb1ment, and water samples

Matrix )
Limit™ Pb cd i _n Fe M Ba
Biota (4g/g) 0.01 0,01 -49;01‘ ~0.01 0,01 0,01  N/AZ-

Sediment (kg/g) - 4,00  0.40 0,40  0.40  N/A N/A 0.04

Water (mg/L) 0,005 0,001 0,005 0,01 0,001 0,001 0.001

Ipetection 1imit is the lowest detectable level

2N/A: - Not_analyzed e%é,;,w'




Laboratory preparation varied"with,the type of sample being

processed, as follows:

Crayfish were lyophilized and homégehiiede1th mortar and pestle before
analysis. " Each crayfish sample was a s1ng1e species composite of 10 to

15 speCimens° No effort was made to remove the digestive tract.

Both water willow and algae were. r1nsed repeated1y with dist111ed water

to remove sediment contamination°> Nater willow samples were separated
into rqqts, stems, and leaves for-aneTys1s. Each sample was 1yoph111zed

and homogenized before analysiso“ffjfu¥7§;~

Freshwater mussel soft tissue was sepérated from the shell and

homogenized in a blender with stéinless steel blades prior to
1yoph111iation and analysis. The shel] ‘was scrubbed with distilled
water to remove any attached a1gae or- sediment air dried, and then

pulverized in a Spex Mixer Mill.

Both whole7f1Sh and muscle tissue filTets were prepared for analysis.

Whole body samples, composites of 3 to 5 fish of each species, were

ground repeatedly in a Hobart meat grinder. Samples were then

1yoph111zed and rehomogenized. Scaled, “boneless fillets from the right

side of individual fish were prepérediinra certified clean room. A ,'
portion of the fillet was rinsed. with<dist111ed water and frozen for
subsequent analysis. This sample was handled as a fisherman might-
prepare fish for consumption and will be referred to as an "edible 7
portipn;"r Preparation of the remeining-portion was based on the
techniqde described by Patterspn*andigéttTe'(1976). The tissue, with

skin removed, was placed on ac1dgtﬁeaned polyethylene sheeting.
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Acidncleaned stainless steel razor blades were then used to remove any
potentia]ly=contam1nated surface tissue, a cube of clean, boneless,
muscle tissue remained. This material, handled throughout the procedure
with;ecfdécleaned forceps, was tnen EiaCed in a polyethylene bag and
frozen for later analysis. e | —__

'bigestion of crayfish, water jSﬁnﬁ;’algae, mussels, and fish nrior
to analysis was by nitric-perchlori¢ acid procedure. A known weight of
sample wes digested in an ac1d=washedfkjeldah1_f]ask With 15-20 mL
concentrated HNO3 and 2-4 mL HClO4réndcheated until the volume was
reduced to approximately 5 mL. Samples were then diluted with distilled

water to a volume of 25 or 50 mL en‘dfa'na‘lyzedo Clean processed cubes of

fish tissue were digested in the clean.room.:

~The technique for analysis of ALA-D activity in fish blood was
adapted from.Hodson (1976) and reéuiredgepproximately 100 uL of blood.
Briefl&, the assay involved the cdmhfnation of 200 uL Triton X-100, 200

wl amino-levulinic acid, and 100 ﬁl b100d"'This mixture was incubated

for 2 h at 15° C, then combined w1th 700 uL of protein precipitant and
centr1fuged for 5 min. Then, 700 uL of the supernatant was mixed with
600 uLiof;Ehrlich's reagent. Thisrm1xcgre s absorbance was measured at
5535nm against a blank . ALA-D act1Vity was measured in terms of uM
porphobfi1nogen (PBG) produced after,élnrincubation, per mg DNA, and per
mg hemoglob1n° DNA was determined with a.procedure described by
Schnelder (1957), and hemoglobin was- measured using the procedure
described by Natelson (1971). >.7;;i::7»—

“Filtered and unfiltered water- samp1es were digested in 100-mL

beakers that had been cleaned by a. 30=m1n, sub=bofled concentrated
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HNO4 reflﬁi tycle. Approximately 40—mLf§f the sample was poured into

the beaker and combined with 5 mL concéntrated HNO3. This sample was
heated ud£{1 the volume was reducedaand-d¥1uted with distilied water for
AA ana]ysis. A1l water quality analysis was done by the Water Quality
Section -of the St. Louis District ArmyvCorps of Engineers (Table 3).
Filtered samples were analyzed for n!;[ate. nitrite, ammonia, and
oerdAphosphate and total dissolved‘§b11ds. Unfiltered samples were

ana]yzed;for total phosphates, chlorige;>su1fate, specific conductance,

turbidity, total alkalinity, tofa{fﬁardness, total suspended solids, and

volatile suspended solids. Temperatuee; pH and dissolved oxygen were
measubed at the time of co]]ectiodj}"ableB)°

”Sedident samples were p1aced‘1n<aidi§rogen glove box immediate]yr
upon.fetyrn to the laboratory. One;syﬁsample was retained in tae glove
box forzimmediate sequentiai extraction ahalysis and two subsamples were
set aside for part1c1e size analysis, and total trace metal V
determinauons°

The subsample for total trace metal ana]ysis (= 1 g dry weight) was

digested in a 100-mL teflon beaker witn 5 mL distilled water, 2mL 70%
HClngand 12 mL 40i HF and heated'td near dryness. An additional S mL
of HF was added and the sample was heated to dryness. Several mL of-
water and 2 mL HC104 were then added. and the sample was once again
heated to dryness. The residue was dissoIved in 8 mL of 1:1 HCI and

20 mL of. water, diluted to 100 mL with distilled water, and analyzed by

atomic absorption°
‘An-aliquot (= 5 g wet weight) of the subsamp1e retained for

part1c1e size analysis was ana]yzed fdr total organic carbon. The

sl
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Table 3, Water quality parameters other than metals measured in 8ig and Black
" River_watershed water samples, and_methods of determination.

Parameter = - Metﬁéd of Determination
Temperatuhea*‘“gv.  -Yg}1ow~$pr1ngs Inst. Co. Meter (fie1d)
Disso]véd“Oxyggnfi’ T ::;;;: " "

pHa ;; : é@fﬁing pH meter (field) _
Conductivity j.:" . Wheatstone bridge conductance ce}i
Hardness-- . ;;Hrtﬁm'etric, w/EDTA

Alkalinity ',;,,71 'Titfiﬁetfic w/standard acid
Sulfate . l, Colé}imetric, w/BaCl,

Chloride CTitrimetric, w/HgCly

coD ,;:V : t 'iL;wg]§Ye1 dichromate

Nitrate 1 "~r: ;'fechniébn Autoanalyzer

Nitrite N "

Ammoni a thﬁ - _ i;f . "

Total P~ et "

Ortho-P . B o ,

Total Dissolvéd;Solids GEanhgtr1£

Total Suspended Solids e

Volatile Sispended Solids (LOI) Crmawl

Turbidity | B :ﬁééﬁEIOmetric (Hach turbidimeteﬁ)

d{n Clearwater Lake a temperature-pH= dlssolved oxygen profile was measured
using a- Martek water quality ana]yzer. : :
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remainderipf the subsample (= 100 g) wdé'dried and sieved (20, 30, 50,

100, 200; and 270 mesh). The frac£1on that remained (particles less
than 60 u) nas resuspended in deion1zed water° Grain size distributions

of particles in this fraction were determined with a HIAC Model PC 320

part1c1e size analyzer,

The:subsample for sequentialjsedfﬁent extraction was handled in the

nitrdgen:glove box throughout therana-lysis° From this subsample an
aliquodzﬂi 5 g) was removed for graringfric determinations of per;ent
moistﬁre,- Wet weight aliquots ofﬁiediment‘equiva1ent to 1 g dry
material were weighed into 50-mL poiysquone (PSF) Oak Ridge-type
centr1fuge -tubes with Viton 0- r1ng sealing cap assemblies. The '
sequent1a1 chemical extraction was modified from the procedure of
Tessier et al. (1979). Inftial test1ng of the sequential extraction
procedure w1th polypropylene tubes 1nd1cated a prob]em with heat-
distortion, distorted tubes could not be properly seated into the JA=17
centrlfuge rotoro Search for a morezheat resistant, higher tensile
strengthimaterial led to the tesﬁing:d?’the PSF centrifuge tubes. This

material was Clear]y superior in performance to polypropylene and was

used for all subsequent extractfons. In addition, care was exercised in

theqbound=t0oorgan1c steps to assure'thatral1 caps were loose enough to
allow tne escape of gaseous by=produc§$;"'Pr1mary modifications to the
prodedUre outljned by Tessier et al.~(1979) were: (1) samples were
purged nigh'nitrogen through the firsttfnree steps of the extractfon to
aro{dboxidat1on; (2) use of PSF gGEeS'instead of polypropylene; (3)
centrifugation at 15,000 rpm for 15. min with a Beckman JT7-21 centrifuge

and JA 17 rotor, (4) a deionized water wash was added to the reagent
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supernatant; and (5) a shaking wateriﬁeth~was employed in the

bound-to-oxides and bound=to=orgadf€§‘extrgction steps.

The basic sequential extraction scheme was:

(a) 'Excﬁahgeable Metals (Fraction 1) The sediment was extracted at

room temperature for 1 h with 10 mL 1M MgC]z (pH 7) with continuous -
agitatton (Burrell wrist-action shakers)o After leaching with MgCly,
seddra}fon was achieved by centrifdéeﬁfan et 15,000 rpm for 15 min,
Underrhipeogen atmosphere, the suﬁernat;dt was removed by pipet and
placed fﬁ an acid-cleaned borosi]ieege:glass tube. The sediment residue
was washed with 10 mL deionized HgO‘and,eeptrifuged for 15 min, with
this sd;ernatant being added to teelf{fst;

(b).iédund to Carbonates (Fraction 2). Residue from (a) was extracted

at room temperature with 10 mL of -1-M NaOAc adjusted to pH 5 wfth HOAc.
Because of the fine texture of the Sediment'samples, extraction time was
limited to 5 h. The extraction was followed by the centrifugation-

wash1ng step described in (a). .“; -

(¢c) Bound to Iron and Manganese'0x1dee (FractionAgl. The residue from
(b) was extracted with 20 mL of 0,08-M NH,OM°HC1 in 25% HDAc at
96 + 3° C_for 6 h, followed by centrifugation and a § mL distilled Hy0

wash. :

(d) Bound to Organic Matter;jFraction 4) To the residue in (c) was

added 3 mL of 0.02-M HNO3 and 5 L 30% ‘Ha02 adjusted to pH 2 with HNO3.
The mixture was heated to 85 + 2° C for 2 h with agitation. A second
3-mL aliquot of 30% Hp0p was then added and the sample heated again for

an edditiona1 3 h with agitationg; “After cooling, 5 mL of 3.2-M NH40Ac
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in 20% HNOé was added and the sample W§$ agitated for 30 min.

Centrifndation and a 5 mL Hp0 wash'fqllowedo
(e)’ Residual Metals (Fraction 5). ~The sqlid from (d) was digested with

a 5:1 mixture of HF and HC104. Tnéigiﬁple was first digested in a
tef]on beaker with 2 mL concentrated HC104 and 10 mL HF to near dryness.
Another 1 mL of HC104 was added and the sampie was evaporated unt11
white fumes appeared. The residneiwns d1ssolved in HC1 and d11uted,for'
analysféz After processing, the'entn;dis and wash from steps (a)
throggh (d) were diluted to a f1na1 voTume of 25 mL, acidified to pH 2
with'HN03, and stored in a cool, dark place until analysis.

) :&YMé;al“concentrations were dg;grmined,with a Perkin-Eimer Model 5000
atomic absorption spectrophotometer ednipped with an AS-50 autosamnler,
The readaﬁt of the Model 5000 was dgliﬁrated directly in units of
concentration using reagentematchéd séandards° Low levels of background
absorptjnn were observed in the carndnnte and Fe-Mn oxides fracfions.
Background correction for these eXtracfé;nas accomplished with a
deuteriumrarc Tamp continuum, -Fon,ﬁa,;background emission correction
was pefformed by averaging 1ntenéitfes at 553.4 and 533.8 nm and
substrndting'from the intensity at-tn;;Ba 553.6 line. To check for
matrix interferences, a single standard addition was performed for each
elémentrnn selected individual Samplés}with spiking concentrations
approximate]y equivalent to the concentrations in the samples. Tessier
et al, {(1979) report as much as 15% énppression of the analyte signal
fromrmatrix effects. In the preseng study, recoveries of spiked

elements (Pb, Cd, Cu, and Zn) from'thénfirst four extraction steps

1nd1cated less than 10% signal'suppbé§§1on or enhancement from the
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sample matrix. This degree of matrix jnterference was considered
negligiblé;-making methodnof-additjons determinations unnecessary.

- For -elements determined by atomic absorption the detection limits

were- estimated to be twice the standard deviation of displayed

concentration units following repetitive aspiration of ultra-pure HZO

For Ba, background emission iimited gain setting, thereby 1ncreasing the

detegtion 1imit considerably above that;obtainabie under 1deai
conditions. The instrumental detection limit, dilution volume of 25 mL,

and 1,g dry weight led to the finei detection limits (Table 2).

DatamHandfing and Statistical Analyse§?

Statistical Analysis System,(SAS);nrbgrams (SAS Institute,'19f9),
available through the University of Missouri-Columbia's Computer:
Network?gwere used for all datajhendling.and numerical analyses.
ProCedu;es for nerforming anaiysie of:yeriance, analysis of covaniance;

linear and multiple linear regreseion;'and correlation analyses were

_usédrrepeetediy throughout this investigation° Standard references for

these procedures fnclude Snedecor and Cochran (1967), Sokal and Rohlf

(1969), Draper and Smith (1972), and Neter and Wasserman (1974)..
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RESULTS AND DISCUSSION

Metals in Water

'Geﬁefal trends in metals levels. Due to the great quantity of

water—daté to be summarized, Table 4rcdﬁtains only the results for
meta]s;}ﬁalyses completed for 1ow; héﬂ1um,_§nd high-flow conditions
during 1980=81n The results for other,wétef quality parameters measured
during thﬁ%'period, as well as thé peak—flood data for water quality and
metals'collettéd by the St. Lou15’01sté}ct’ht Brown's Ford during March
and Aprfl, 1978 are tabulated in Apbeﬁdix A. Relationships among these
parameters are presented in Tab]é%ﬁiasaéimgtrix of product-moment .
correlation coefficients. ~

"Pb, Cd, and Cu concentratidns‘Were,hfghest at the three Big River
siteg'afﬁected by mine taﬁlingsaeDeﬁlogg,'Washington State Park, and
Brown‘éiFﬁrd, with total concentrations far exceeding dissolved levels.
in allféahpTes. Concentrations ofwﬁﬁééerthree metals--in both filtered
and unfi]tered samples--tended to fhbrease_with flow at all three sites.
Highest-megsqred total Pb (0.68 mg/Légbégurred at Washington State Park;
highést dissolved Pb (.026 mg/L) oédg%bed at Brown's Ford. However, thé
floodrpeag 1nfthe high=flow col]ect1ohl§és not sampled at Desloge. Cu
concentf§t1bns (total and dissolvedj ﬁere also higher at Washington
State Park'and Brown's Ford, quénce;frations were at or near
detection jimits (.002 mg/L) in,aJi;géﬁbTes.

-:Zh behaved differently than:g{thec&éS;,Cd, or Cu. At Desloge,
highestiiotal Zn concentrations occ@rﬁeg at Tow flow, and dissolved;Zn

was aj@ays>sign1f1cant. Concentraﬁibns~at,the downstream

i
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Jable 4. Dissolved (D) and total (¥) cetals concentrations (c:gll) in water s2=ples collected in the Big and Black Rivers (R) and in Clesrwater Lake
{8), ts30-1¢8).

{ : . T t . ) ) I

ﬂ. nlg and Black Rivers ' S - g ! SN ‘ ‘
lmcauon N 1HW “ o . Pb . R o v Cu S In ‘ D | ' Fe - un " Ba ) w

Stage N (19 N T 1 I | ‘o v B T R 1! [ IS S A S D1y o ; o
KIKERAL FORK L - . o ‘ : !
Low 29.6 .005  .009 .00l .00 005 005 €0l <00 001 004 TR T 0 .02 .59 .62 .
ked. 160.0 006,005 .00l .e0) .605  .00§ .0l <.0i .001  .o0l .03 .08 TR 35 .36
ligh: 505.0 .005 009 .00 .00y .035 .0CS el <ol .001  .0oi 03 .3 o1 .05 .20 .28
RROMI'S FCRD
Low 9.6 .005  .043 .01 001 .005  .005 02 .03 .001 .60} o0 .27 03,07 A7 .49
Hed. 650.0 .07 .084 .001 .00 .005  onf .08 .03 .0} .20} .05 .61 00 13 .32 .38
igh 11299.0 026 400 .001 .0t 037 024 .05 .17 .e01 .00 4 .50 05 .34 Jd0 22
MASHIXGTEY
STAIE PARE
Low 70.2 .00%  .091 .00} <.001 €005 <.085 .01 .00 €.00) <.00l .02 .38 IR W02 .45
Ked. 2%0.0 <035 .140 €008 <.00 007 005 .01 .07 €.001  <.001 05 .18 02 .7 a6 .22
oo : ,mgn 11395.0 .021 660 €001 €833  <.005 .OW7 - 22 .00 <00 .08 3.00 00 .51 a0 .19
! . . : o
ntsms&: ' N e ! T S - T ‘ o
o tew ! N 5.3 .020 .04} 002 1,004 005 005  '.31F .36 - .00 LCO) 02 090 07 08 .15 .14 R
S © 298.0° .010 085  .001 ,.0f ' .GO5 .GO5 - .06 .1 / -.001 .00 .08 .42 .03 .08 .09 .09 . 0 ¢ T 0
o0 meh ot 932,00 .01z .lI0 022 .004 .005. 005 MU CRR o 05 .63 .0 iz o o.er !
. G . B L | ; M ' A \ R N ’ ' : : "“ ! v S A oo
4 1MOMMALE - : P AP S S ; e A SR o P
Low : B .005 005 .001 .00 .60s' 005 <.01 <.01 .00} .uox o2t 2 w2z L a5 LIS, T
ted. 160.0 .005 .005 .00 .COI .805 005 .01 <o) .001 000 .02 .26 031 .07 ¢ .08 .08 P
Nigh 300.0 .005 005 .01 .e0! .005 09§ 0l <01 .01 .001 .0 .23 a2 0 88 07 - R
UPSIREAN
CLEARBATER LAKE
Low - .005  .035 .001  .00M 005 005 €01 .0 .00) .00 02 .0 01 .01 .05 .04
tted. - .05 035 .00) .00} .05 005 <00 <.01 .00l .00t 01 .00 .01 .01 .04 .03
High - .005 005 .00t .00l .005 005 .01 <01 .001 .00 02 .12 03 .02 03 .0
BOMNS TREAK
CLEARMATER LAKE )
Low 200.0 .005 005 .00t .00 .005 .08 o0l <0} .001  .00) .02 .1t 2.2 0 07
ted. 1040.0 .005 .00 .001 .00 .005  .008 <.01 <.0 001 .00 .0l .03 .01 .03 .00 .00

High 160.0 005 005 001 .0m .005 .05 o1 0l 001 008 09 12 N1 ) I &} .03 .03
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Table 5.

dissolved metals ccacentrations, (fquid-phase paraceters, and flow.

Product-cozent correlation coefficients (R) acong totsel cetal concentrations, solid phase water quality paroceters, and flow; and (B) arong
B8ig River watershed above, Black River watershed below.

A. Solld-phase Correlations
) BIG RIVER
CORRELATION COEFFICIENTS / WUMBER GF OBSERVATIGNS

10

N -TP8 ilN . ey T8A . TFE TEN TURB cnn, } TSSOLID VOlSSﬂFL FLOY PtTSﬂﬁ'.ﬂ PCTSILY PCTCLAY
- ’ ) ) t \ i ) ' . : ) ' ) ’
| . N : . R \ b B . : g N ] - " ‘ ‘
P8 " . . 0.17284 0.92543 0.90509 -0.13482 ' 0.93164 0.95684 0.96735 0.96216 . 0.97276 0.97327 0.75269 0.27034 -0.45835 0.32724
" . , 6 ! °'S6 56 - 15 56 - TR X -390 a3 - .23 v 56 4 - 86 . 56 . 56
o ! X " v N ' ' . ‘ i . il , ! ) " ) ' )
[+1] 0.00000 0.26115 0.2124F -0.36635 0.16555 0.16927 ©0.82198 ' 0.3I040 0.845)5 . 0.82363 0,27620 0.00025 0.08271 -0.10806
‘ 15 56 58 1% 55 £2 T 23 - 30 23 23 56 56 56 . 56
[p 3] 0.632C0  0.00CCD 0.89857 -0.37371 0.93473 0.91380 (©.87460 0.89563 0.88393 0.88444 0.77201 0.23977 -0.33099 0.26975
15 1s 56 15 56 86 23 30 23 23 55 56 86 56
TCv 0.60380 0.00000 0.003C0 -0.081%6 0.8%572 0.88055 0.97354 0.95213 O0.97614 0.98073 0.72852 0.31201 -0.50962 0.35513
15 IH] 15 15 56 56 23 30 23 23 56 56 56 56
184 0.02030 0.00000 0.00309 0.CC00D -0.16432 -0.18668 -0.13600 -0.24870 -0.12108 -0.16223 -0.13512 -0,240)17 0.33060 -0.25634
15 15 15 18 5 56 .18 15 5 15 15 15 15 15
TFE 0.63020 0.00000 0.009C0 0.00800  0.20979 0.95778 0.94511 0.93678 0.96002 0.94826 0.77265 0.18337 -0.097)9 0.33357
15 15 15 15 15 $6 23 30 23 23 66 56 56 56
TRA 0.C0080  0.00000 0.013C0  0.C0S00  0.70502  0.701333 0.98078 0.96822 0.99523  0.98865 0.76438 0.25328 -0.42205 0.29743
. 15 15 15 15 15 . 1) .23 30 2 2 56 56 - 56 - 56
: ' . o ! . : ) R . R v 4 . P . ¢ . '
s 0.00000 0.00000° 0.0C000 '0.00000 -0.41810 . 0.15870° -0.09661 o < 10.97969 . 0.9848¢ D,99i26 . 0.7555% 0.63173 /-0,61305 0.16928 .
' Vs 15 15 1B 180 s s 23, T2y taar a3 a Ta , &
¢ €a y ,0.60000, 0.00C08. ,0.00000 0.00000 -0.71492 0.34201 -0.25180° 0.81049 ‘lj - v 0,96876 .0.98305 0,73609 - 0.45662° -0.50046 . 0.22886
T S TR T 1’ s s s s ) 23 A TTwm w0 w0
! : ) ) ! I X i ; K . ' " ’ . L 1 . ! i B
TSSQLID 0.00000 0.00000° 0.000C0 0.00000 0.5684) 0.72597 - 0.93618 0.16937 -0.04681 0.98853 0.683%65. 0.61671 -0.57897  0.13346
5 15 15 15 15 15 15 15 15 23 23 23 23 23
YOL SSOL 0.00000 0.000C0 0.00000 0.000C0  0.62914 0.3231)  0.77385 -6.348)7 -0.40843 0.73166 0.76742 0.66077 -0.62019 0.14276
is 15 11 15 15 15 15 15 15 15 23 23 23 23
FLuy 0.00080 0.00810 0.00000  0.02000 -0.25819 -0.99284 -0.496479 -0.93097 0.96474 -0,72897 0.53445 -0.06771 -0,.29566 0.45369
. k] 3 3 3 L} 3 3 3 3 3 3 56 56 56
PCTSAKD 0.60000 0,00800 o0.C0000 0.Q00C0 0.00000 0.00020 0.00000 0.00000 0.08000 0.000C0 0.08080 0.08000 -0.66264 -0.12974
9 9 2 9 9 9 9 9 9 9 9 3 60 60
PCTSILY 0.60000 0.0C000 0.00030 0.008C0 0.00357 0.22003 0.34650 0.38760 0.27440 0.67074 0.00550 -0.99861 0.00000 -0.65644
9 9 9 9 9 9 9 9 9 9 9 3 9 60
PCTCLAY 0.07000 0.08000 0.€0C00 0.00020 -0.00357 -0.22003 -0.3465¢ -0.38760 -0.2/440 -0.67074 -0.00650 0.9986) 0.00080 -0.65644
9 9 9 9 9 9 9 2 9 -9 9 €0
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Tabie 5 (cont'd)

8. Liquid-phase correloticns BIG RIVER
CORRELATI0:! COEFFICIENTS / KUXBER COF CBSERVATIONS
[114] pin)] DzR oy gBa 1113 L) 1+1] M TALK CML SULF SPCOXD COD  HWITRATE MITRITE  AKKOR TPHOS CPIOS THARD TDSOLID FLOYW

I bes 0.280 0.481 0.53) -0.395 0,483 0.351 -0.026 -0.1S5 -0.48¢ 0.424 0.210 -0.266 0.145 0.479 . 0.002  0.565 0.122 0.179 -0.312 -0.118. 0.0}
G . - 857 6 88 15 55 85 2 2 2 2 .22 w 29 B 29 2 29 29 ; 2 2° 58
. “.’ L : - . N ‘ B : ", v I y . " . ' v
i ¢ seo o olce £0.646 -0.051 -0.280 -0.165 0.250 0.045 -0.020 -0.03)) 0.220 0.465 0.183 -0.102 0.660 ' 0:025 0.293 -0.074 0.090 0.165 0.273 [0.268 .
A 1§ . 0 54 8 15 S5 ss 22 21 2 22 2 2 29 '29 2 2 9 - 2 2 ' s .. .
oI 0.000 0.000 0.112 :0.285 0.033 €.427 0.024 0.357 0.066 0.508 0.795 0.409 -0.132 0.515° 0.135 . 0.519 -0.075 0.165 0.362 '0.550 -0.061 ~
: 15 15 54 ¥ S5 sS4 2 20 21 28 2 2 28 28 2 22 22 28 2 2 S
ocy 0.¢20 ©0.030 0.000 -0.202 0.211 0.063 -0.05¢ -0.051 -0,226- 0.459 -0.071 -0.203 0.02i 0.034 -0.118  0.337 -0.025 0.094 -0.225 -0.169  0.108
15 15 18 %5 S s 22 a2 22 22 22 2 29 29 29 22 2 29 2 2 55
0BA 0.080 0.000 0.200 0.00D -0.426 -0.336 -0.101 0.132 0.812 0.046 -0.016 0.498 -0.432 -0.69¢ -0.16] -0.082 -0.429 -0.232 0.587 0.42) -0.322
15 15 15 15 15 15 15 15 15 15 1S 1 15 1§ 15 15 15 15 15 1S 15
OFE 0.030 0.G00 0.090 0.000 ©.209 0.4961 0.145 -0.561 -0.620 -0.01) -0.226 -0.580 0.710 0.850 0.382  0.177 0.704 0.272 -0.578 -0.443  0.460
15 15 15 15 15 s 22 28 2 2 2 2 29 29 29 2 9 29 2 22 55
o
DY 0.000 0.000 0.000 0.090 0.582 0.743 -0.122 -0.213 -0.419 0.425 0.409 -0.139 0.585 0.162 0.286  0.346 0.613 0.550 -0.168 0.046  0.549
15 15 18 15 15 1S 2 a 2 2 = 2 29 29 2 2 2 2 2 58
, 0o 0.CC0 0.020 0.080 0.080 -0.599 -0.738 -0.947 -0.048 -0,439 -0.44 -0.292 -0.463 0.290 0.157 0.058  0.080 0.158 -0.008 -0.455 -0.429  0.159 o
T T I Lt 15 15 15 2. 2 22 230 23, 2 23 . 3 3 2 23 233 23 B -
y P 0.030 0.000 0.000 0,000 0.097 -0.166 -0.253 0.25¢ '  0.525 0.180 0.435 0.599 -0.745 -0.032 -9.372 0.212 -0.699 -0.121 0.561 0.529' .-0.65 . |
A Coy1st 18t 18 18 15 (18 15 18 2, 2 27 w 2 n. w2 a .2 n, 2 n 2 .
R coo ‘ ; S i P L S W ST o
"0 " jmk.  0.000 0.00D. 0.000 0.000 0.685 -0.158 0,212 -0.205 0.287 . | 0.272 /0,426 0.902 -0.724 -0.24B, -0.128  -0.059 -0.614 -0.311, 0.935 /0,820 foast
S T R T T T T O T R T IR o B, 3w w23 23 2w a3 23vo3 T
o 0.000 0.000 0.090 0.029 0.171 -0.355 -0.052 0.056 0.076 0.709 0.761 0.537 -0.047 0,102  0.277  0.272 0.034 0.523 0.499 0.642 0,072
15 15 15 1[5 15 15 15 15 15 1§ a2 2 a 0 23 23 23 23 23 23 23
SULF  0.000 0.030 0.000 0.000 -0.369 -0.394 -0.293 0.3d9 -0.039 0.252 0.773 0.760 -0.312 0.330  0.290  0.273 -0.185 0.309 0.714 0.859 -0.285
15 15 15 15 B 15 15 15 15 15 15 23 23 2 2 3 2 23 a3 2 23
SPCCXD  0.0C0 0.020 0.C0D 0.000 0.435 -0.27) 0.0%0 -0.021 0.276 0,910 0.835 0.502 -0.6%0 -0.137  0.044  0.055 -0.561 -0.088 0.992 0.973 -0.697
15 15 15 15 1 15 15 15 15 15 15 15 n 23 3 22 23 a 2 23
oo 0.033 0.C20 0.000 0.000 -0.791 -0.013 -0.253 0.247 -0.372 -0.851 -0.353 0.098 -0.704 -0.148  0.584  0.067 0.982 0.618 -0.667 -0.55¢  0.736
15 15 15 15 15 1S 15 15 15 45 15 15 1§ 30 30 22 3 310 23 23 30
QITRATE 0.000 0.000 0.000 0.000 -0.723 -0.038 -0.346 0.452 -0.240 -0.414 0.135 0.628 -0.093 0.520 0.158 0,398 -0.162 0.080 -0.203 -0.060 -0.332
5 15 15 15 15 15 15 15 1 5 15 1§ 15 15 0 23 3 0 23 23 10
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sitesaawashington State Park and ﬂrown%s;Ford==were also high relative
to‘"controi sites"==Irondale and'Miner;i’Fork==but were lower than -
concentrations at Desloge. | 7 . 7

B Concentrations of Pb, Cd, Zn, and Cu were always less than
detection thresholds at the three sjtes 1nvestigated in the B]ack
River/Ciearwater Lake watershed. Likewise, Ag was virtually
undetectaoie in all Big and Black RiJErLsampies collected in this:
investigation. Arsenic, which was not measured in this study but was
quantitated by the St. Louis District in their 1978 flood study, ranged
from 0.006 to 0.058 mg/L (total), w1th dissolved arsenic concentrations
at the detection threshold (0. 005:mg/L) in all samples. Like Pb and Cu,
total As cancentrations tended to increase with discharge at Brown s '
Fordg k ) ]

As expected Ba concentrations were highest in saniples from those
sites on. the Big River representing areas of the watershed currentiy ,
being @ined for barite (washington>5tate Park, Mineral Fork and Brown's
Ford).* Totai Ba concentrations in:onaffeCted areas of the Big River
watershed and in the Black River/ciearwater Lake watershed ranged from
0.02 t0'aboot 0.15 mg/L. At affected Big River stations, total Ba
concentrations ranged from a low of 0 10 mg/L (Washington State Park
and Brown's Ford at high flow) to a high of 0.62 mg/L (Mineral Fork at
iow fiow) At all sites there was iittie difference between fiitered
and unfiitered samples; highest concentrations occurred at low fiow, and
iowest—concentrations occurred atéhigh—fiow,

Given that the Big River contains generally hard, alkaline water,
Fe ‘and Mn concentrations were generaiiy high; dissolved Fe ranged from

0.01 mg/L (Mtneral Fork and Brownws Ford at Tow flow) to 0.14 mg/L

44

e rvi




(Brown's Ford at high flow), and total Fe reached 3.00 mg/L at

ii Washington State Park during high flow.' Similarly, dissolved Mn ranged
<from 0 0l md/L (Mineral Fork, all samples) to 0.07 mg/L (Desloge, low

flow), and total Mn reached 0.51 mg/L at Washington State Park during-

high flow. With the exception of dissolved Mn at Desloge, Fe and Mn'

concentrations tended to increase withlflow. The high concentrations in
li the_loWersBig River and Mineral Fork“sugdest that the open-pit
sand/grayel and barite mining activities:in this part of the watershed
are likely sources of Fe and Mn, AE wellras Ba, ' §
“Fe and Mn concentrations in the. Black River above Clearwater Lake
were generally lower than concentrations in the Big River--up to 0. 12
mg/L total Fe, with dissolved Fe andeMniat or near detection limits,
(0.0l;0{53rmg/L) in all samples. ,gamples from downstream of Clearwater
Lake'andrtrom within the lake showed eﬁidence of predominant reducing

conditiohs'during summer stratification. - Near the bottom of the lake,

Mn concentrations reached 1.73 mg/L (total; 1.68 mg/L dissolved) in
i; | July, 1980. Total Fe at this time was 0.45 mg/L; dissolved Fe reached

0.13 mg/L Downstream of the lake, concentrations of Fe and Mn tended

to reflect conditions in the lake--Mn reached 0.27 mg/L (total; 0.21
mg/L dissolved), and total Fe reached~0,11>mg/L in July 1980, However,
Fe concentrations (total and dissolved) Were higher in May, 1981, during

a period of comparatively Tow water releases (160 cfs) from the lake.

computed based on measured concentrations of total suspended solids i
(Table 6) Although these values are based on different numbers of

ii constituents, dry-weight suspended‘concentrations of the metals were
ii samples and nonauniform flow conditions among the locations, several




Zpash indicates concentratidns toe close to detection threshold for méaningful comparison.
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' TYable 6. Geometr?c mean suspe@ded metals«cpncentratﬁons, Lg/g dry weight.1
; " o B T A ' ‘
River | , B N ‘ ‘ﬁ”f 3 . H P ST
Site Pb Cd in ‘ Cu - ' Ba fe ﬁn
Big R.
Irondale -2 - - - 337 29710 6966
Desloge | 5397 180 5182 32 311 25399 3005
Wa;hington_St, Park 3779 17 1457 70 1042 | 17697 3681
fﬁi%efa%'Fdrkf{J; I SR 12745 1756
Brown's gor& R VP %7 ;f 1004 b 675 {1593 11054 i 3
. . ‘ L ’1‘“ . TR o ' ‘l,‘“‘ iwﬂ S A
Black R. | |
Above Clearwater L. - - - 111 8206 750
Clearwater L. - - - - 623 34080 5587
Below Clearwater L. - - - - " 408 9396 8234
1 |7Total metal (mg/L) - dissolved metal (mg/L) "} . | 103 ug/mg_| [:103 mg/g_|
;TofET?swspended'soIids (mg/L}) _ '
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1mp§rtant features emerge. First,zj; appears that in the Big River
there wa§ § dilution of the suspended mgfals concentrations (other thah

Ba),ﬁ%}h'distance downstream from,ﬁéélpge; Similarly, Fe and Mn 1eye1s,

which wéfé highest at Irondale; a1so~6eclipgd with distance downstream
inrthg Ejngiver. Pb, Cd, and anﬁéﬁq%htrat1ons were highest at
DeSlOge; and decreased downstreamri(Tabl:e,G)° Ory weight suspended Fe
andgﬁn_téyé1sjin Mineral Fork wereeigﬁgi.than those in the Big Riveh;_
consgdUeht]y, Fe and Mn concentratjonsiwere lower at Brown's Ford than
at wash{ﬁgton-State Park. Pb concentnétjons, on a dry weight basis,

were highér than anticipated in Minérél'Fork (Table 5), probably

O G W i e ew

ref1ectj&§’the influences of (a)‘an~aré% pf lead mineralization and old

mine workings in the upstream portion of the Mineral Fork watershed, and

(b) sma\i amounts of galena that-frequeggjy occur with barite in the

i Washington County deposits (USGS 1967). i
?As;Ajscqgsed previously, BélocCurfed,primarily in the liquid phase.

i However;,'"measurable suspended Ba was bresent at all sites. As expected,

dry weighﬁ suspended Ba concentratﬁ0n5 Qéfe highest in the Mineral Fofk

and at Eﬁé downstream-most stations Qijthe Big River (Washington Stgfe

Park ‘and Brown's Ford).

- In the Black River and Clearwatgfzpake, only Ba, Fe, and Mn

ii suspgnded concentrations were sufficféﬁt]y high for computation of dry
welght concentrations (Table 6). Codceﬁ€?ﬁtions of these metals in the
Blaé&iRiverrupstPeam of Clearwatéfjiakefwere substantially lower than
corre§pohd1ng Tevels in the Big River; ;ngever, average concentrations
_were higher within the lake than ﬁﬁstream of the lake by factors of'5°6

for Ba, 4.2 for Fe, and 7.4 for”Mﬁi“.Reléasé waters were also higher in

the dt& weight concentrations of a]]Ethése'metaTS than were influent
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waters, oot, except for Mn, were iowecftnan Take waters. DOry weight
suspended;Mn concentrations were li,tiﬁES higher in release waters than
in infiuent waters; Fe concentrations~were only slightly higher.
Collectively, these data and the metais in water data (Table 4)
suggest that the seasonal cycle of Fe and Mn in Clearwater Lake 1s such
that;proportionately more Fe than Mn_is;re=precipitated and retained
within the lake. Ouring stratificationaand'reduction Mn is reduced and
soiubiiized slightly before Fe; upon oxidation, the converse holds-<=Fe
is precipitated before Mn. In addition; the oxidation of Fet2 proceeds
more rapidly than the oxidation of-Mn¥?.(fessier et al. 1979). As,a
result, diSsoived Mn concentrations in'the summer hypolimnion of
Clearwater Lake are far higher than dissolved Fe concentrations, but
particuiate Fe levels (total- dissolved) exceed particulate Mn
concentrations° Mn appears to be: exported in dissolved form to the-

river downstream, where it is subsequently oxidized and precipitated

- Relationships among metals and other water constituents. The

correiation matrices (Table 5) illustrate close relationships among many
soiidnpnase‘and liquid-phase constituents in the Big and Black River
rwatersheds (in these tables, correiation coefficients for Big River
samples are above the principal diagonaii those for the Black River and
Clearwater Lake are below the principai*diagonai) In the Big Rivery
concentrations of total Pb, Zn, Cu, Fe, and Mn were highly
intercorreiated (r>0.88, Table 5).._ Totai Pb was most closely correlated
Witn'totaJ,Mn (r>0.97). Among tne otnerﬁparameters measured, total
concentrations of Pb, Zn, Cu, Fe and;Mn were most closely correiated

with turbidity, total suspended soiids,.and volatile suspended solids
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(r>0.95£_Tabie 5). Pb, Zn, Cu, Fe;fend‘Mn—concentrations were 511’
positivei&wcorreiated with flow (r>0. 75)%_'H0wever, this correiation

must . be 1nterpreted with caution because “fiow" differences are also
reletedrto sampiing site. Correiation coefficients for total Cd were
genenaiiykﬁower, probably as a resu]t'ofbtherlower concentrations; like -
the other five metals, total Cd wasiaisoinost:cioseiy correlated with
turbidity;'totai suspended soiids,'andAVoiatiie suspended solids '

(0. 82<r<0 85), but was not highly correiated with any other metals
(r<0.36). BT

;Total Ba generally behaved difjgrentiy,from the other metals in the
Big'River:wetershedo Because Ba is muchrnore soluble under conditions
typical of the Big River, 1iqu1d-phase transport is more important for
Ba than for Pb, Cd, In, Cu, Fe, or Mn. As a result, total Ba
concentrations are negatively correlated with most solid-phase
constituents., . '"~.:_Z;f”

-Given the foregoing discussion ot'totai Ba it is therefore not
surprising that dissolved Ba concentrations in the Big River watershed
were more cioseiy correlated with some 1iquid=phase parameters than with
the soiid -phase constituents. Dissolved Ba concentrations were
positively correiated with alkalinity (r>0 81) and, to a lesser extent
with hardness, specific conductivity, and totai dissolved solids (Tabie
5)e Correiations among the dissoived metais were weaker than those
among total metals, with the iowestyoccurring for Cd (probably because
the'ieveis were generally below détectionriimits) and the highest o
(r>0.53) between Cu and Pb (Table Sig%:Otnerrcorrelations among the
metaissthat tend to be transported'primari]y in the solid phase=<Pb, In,
Fe, Mn, and Cu--were less distinctlib;§§(r<0.46). The relatively high‘




correlation between dissalved Zn and dissolved Cd (r>0.64) may be either
an artifact of low Cd concentrations or ‘an indication that both metals
are solub1lrzed to some extent. --_

~ Among the liquid=phase parameters other than metals, most positive
correlations indicate either closely related constituents that tend. to
rise and: fall together, or water-qual;ty parameters that overlap in the
constituents they measure. Amongﬁthosevthat overlap, hardness, »

alkalinity, total dissolved solids, and specific conductivity are all -

highly responsive to changes in 1eye1§%of dissolved Ca and Mg and .

,therefore~exhibit a high degreefof positive intercorrelation (r>0. 97)

Among the c]osely related const1tuents, for example, a high correlation
(r)O 81) between dissolved Zn and sulfate (S0g) concentrations suggests
that the mechanism of ZInS reduction postu]ated by Kramer (1976) as_an
explanation for high disso]ved,Zn;}evels_in Flat River Creek may afso
hold for other areas of the B1g-R1ver:watershed. Pb and Cd were also
correfated‘with SO4°2, but not asistrongly; for Cd, r=0.47; for Pb,
r=0.22 (Table 5). o
Sositive correlations with floW‘are generally indicative of

dissolved parameters associated with surface runof f; conversely,
negat1ve relationships suggest parameters most closely associated with
groundwater, with the negative correlation occurring when increased
rainfa{{’and surface runoff diluteﬁtne‘groundwater. Positive
corre]ations with flow in the Big‘River{occurred for dissolved Fe and
Mn,- chem1ca1 oxygen demand, nitrlte9 and total- and ortho- phosphorus
(Tab?e 5). Negative correTations with fTow were most apparent for

alkalinity, hardness, specific conductivity, total dissolved solids,

‘nitrate, pH, and to a lesser extent, dissolved Ba. As discussed
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ean1ier; however, all correlations nith~flow must be interpreted
caut1ously because multiple Iocations and differ1ng flow conditions were
1nc1uded in the analysis. o

" "The most immediately apparent features of the Black

River=C1earwater Lake correlat1on matr1ces are the preponderance of zero

va]ues for some of the metals. This was caused by most measurements

befng at or near detection 11m1ts (Table 5). Nevertheless, some of the

- measurable parameters were correlated.-..

Although the relationships among;solid-phase parameters were less
distfnCt tor the Black River thanffbr7the Big River, most of the -
cornelatjpns noted for the Big Riven:Qege also present for the Black
Riuer;f“Like the Big River, the neiatfonsnip between total Mn and total
suspended solids was especially distinct,v

Among the dissolved constituents, the expected positive -
relationships between conductivity, total ‘dissolved solids, alkalinity,
and nardness were present, as was~tnefposit1ve correlation (r>.74) -
between'dtssolved Fe and dissolved Mn:(TabIe 5). The correlations
betweenJWater quality parameters andrflow in the Black River are not |
re]ated so much to discharge asAtneyrare,to season--the parametérs are
dominated by redox processes nather.tnan’meteoro1ogica1 events -because
flows upstream and downstream ofp§1earwater Lake are regulated by dams.

The negative assocfation of dissolved Mn (and to a lesser extent,

: diss61VEd*Fe) with disso1ved'oxygen'was,espec1a11y distinct (Table 5).

This negative correlation 111ustrates again the solubilization of Fe and
Mn by reductive processes w1th1n the hypolimnion of Clearwater Lake

dur1ng“per1ods of stratification. *%a»'




Transport of metals in the lower reaches of the Big River, The

water quality data in Table 4 and the correlation coefficients in Table
5 provide a general indication thatreoneentrations of most solid-phase
constituents, including the toxic metals of interest, vary directly with
d1scharge in the Big River. Since these relationships are important in
evaanting;the overall transport ofametals in the watershed, they were
invest{éeted further using water_qudlfty“deta generated by this
investtgation, by the St. Louis Distnt;f during their 1978 survey ofb
sprinp”f1oods at Brown's Ford, and?eontinuuus flow records from the

Uo So Geological Survey's gauge on’ the B1g River at Mammoth Bridge (near

DeSoto). .-

,As illustrated by Table 5 andgdiscussed earlier, total suspended

solids -concentrations were closely cprne1ated with suspended Fe,

suspended Mn and, to a lesser extent other suspended metals. Multiple

11near regression and the available data for Brown's Ford (10
observetfons) revealed that the re]ationsh1p
S~ Y = 6,509 x; + 482.815 xp - 1871.163 x3 - 20.534

where Y : ‘total suspended so11ds,'x1 = suspended Fe, xp = suspended Mn,
and X3 fﬁsuspended Cu, accounted for. 99 8% of the observed variability
in suspended solids concentrations,_ The-1ntercept and the regression
coeff1c1ent for Mn were high1y sign1f1cant (p<0.01); the parameters for
Fe and Cu were also significant (0 01{g<0 05). Values for total
suspended solids estimated by this relationship, along with
correSponding observed values, are plotted against measured
concentrations of suspended Mn, Fe, ‘and Cu in Fig. 2. As these figures

and the correlation coefficients 1n Tab]e 5 illustrate, the fit for Mn

was pest, followed by Fe and Cu. Nevertheless, the fact that the
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a better_estimate of total suspended soiids is achieved if all three
variables are used.

~The data used in the foregoing anai;sis represented collections
madelin;1980=81 at discharge levels of 95.6, 650, and 11,900 ft3/sec, -
and in March, 1978 at flows of 6,@90 to—7;400 ft3/sec. During the peak
f]oodieoliection period of Aprii,=19]§;;when discharge levels rangeg_
from 8,500 to 34,800 ft3/sec (Appendix A), the St. Louis District was
unable to measure total suspendeq'eoiids:oOncentrations. However,
suspended metals concentrations andrporticie size distributions were
deter'mined° The regression equationfconputed on the basis of the
1980=81 and March, 1978 data were used to estimate total suspended
solids concentrations during theAApril 1978 flood. These 43 |
observations were then used to investigate further the relationship'
between suspended sediments and discharge. e' -

Multip]e linear regression was again used, this time to quantify

the relationship between suspended1501ids and flow. Since any future
considenetions of mass transport wilihneouire the use of concentration
data expressed in metric units (md/L);’va]ues for flow in cfs (ft3/sec)
were converted to metric units'(m3/sec):y$ing the conversion factor
0.02832 m3/ft3° After trying a ve;iety of equation forms, the following

1ogalog,=quadratic expression was’foundiﬁo best explain the relationship

' between:iOtai suspended solids (Y, mé/L) and flow (x, m3/sec)'

“logyg ¥ = 0.267 + 1.445(Togig x) - 0.203(l0gyg x)2
This expression explained 75.7% of. the variability in total suspended

solide and.was highly significant ig}GQOI); however, the intercept value

was'notZSignificantly different from 61(250005). Predicted and--
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obserVedfualues for this relationship a?e=disp1ayed in Fig. 3, where
the 1etter "A" represents measured total suspended solids

concentrations, “C" represents conce g;at1ons computed using

measurements of the suspended Mn, Fe, and Cu concentrations; and “P"
represents va1ues predicted by the 1ogalog quadratic relationship with
f]ow.‘ leen the 3-yr time span of the data base and the inherent
d1ff1cu1ty of accurately measur1ng suspended solids at high flow, the
fit.deptcted in Fig. 3 ts acceptableg' However, it must be remembered
that;th1ssre1ationsh1p is based On~computed, rather than measured,
concentrations at high flow and that'Ene relationship used to compute
these concentrations was extended beyond the range for which measured
values were available, ' if ] _
»_Altnough the empirical relat1onsndp;p10tted in Fig. 3 appears to
represent a reasanable approximatdon;of the total suspended solmds-
response to cnanges in flow, it is 1nsuf%1c1ent for a more detailed
invest%gatdon of trace metal transporﬁ in that it is not sensitive to
chanoeS'in the grain-size distr1buc10n aé the suspended load. This is
importancffor two main reasons: First;‘trace metal concentrations may
not%oe uniform among different pagiﬁcTe s;ze classes; and second, the
most accurate estimates of total sediment load (suspended load + bed
Toad) can be achieved when the partfcle’size distribution of the
suspended load and of the bed sedTmentsrare known. Therefore, -
concentrations of suspended sand,isifcg“and clay;size particles,uere
computed using the measured grafn15i2e=ddstr1but10ns of the suspended
1oad-samp1es and the measured andecomputed total suspended solids _

concent"rat‘ions° Mulutiple linear regression was used to characterize

the relationships between sand, si]t, and clay-size suspended particle
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Figure 3. Measured (A), computed (C), and predicted (P) concentrations of total suspended solids (mg/1) ) i
vs. flow at Brown'’s Ford, 1978-1981.
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concentrations and flow, with the'FolloQing log-log quadratic

relationships yielding the best f1ts€ o
-1.413 + 2.789(109)g x) - 0.587(1ogyq x)2

n

“<1ogyg Yy
“1ogy Y = 0.542 + 0.916(logyy X) - 0.086(logyg x)2

Togyg Y3 = -0.364 + 1.138(logyg x) - 0.080(1ogyq x)2
where. Y1, Yz, and Y3 represent concentrations of suspended sand, silt,
andfglayasize particles (mg/L), resgeétireiy, and x = flow (m3/sec). RZ ;
values nere sand, 0.57; silt, 0.63; and ciay, 0.71, and al three node1s
were'hjgﬁiyfs1gnif1cant (p<0.01). The-intercept and both regression
coeff1c1ents were highly significanaﬂaiso 01) for sand; for si1t and
clay,. the coefficients for the linear responses were the only
s1gn1f1cant terms in the models==ne1ther the intercepts nor the
quadratic terms differed sign1f1cant1y from zero (p>0.05). Predioted
and observed values for these re1at{onsh1ps are 111ustrated in Fig. 4.
In. genera], the fit of these mode]s can best be described as
"falr“° For all three size fractions, there is more variability at high
flow than at Tow even after log transformatwn° The basic form of the
model selected appears correct on]y for silt; for both sand and clay, a
cubfc-term may be required if the conoentration is to be represented
only in terms of total flow, and a'"fhresnoId flow" for suspension and

tranSport of sand-sized particles needs to be more accurately

determineda o 'fx;

As an a1ternat1ve to further" empirica] investigations based solely
on f1ow, greater predictive capabi!ity for suspended sediment transport
might result if flow were to be decomposed into 1ts components.
Discharge, in units of vo1ume/t1me. can be separated into area and

velocfty components; and area can be further divided into its components
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of width‘and depth (discharge in m3/sé¢) = (stream width in m) ¢ (mean

depth in"m) + (mean velocity in m/sec)s- The relationships between the

components of f]ow~ocrossesectiona1,angé'énd velocity--as well as the

_COMp§neﬁt§:of area (stream width }ﬁ?faebth), as functions of flow in the

Big River, were investigated furthérw: )

7;Me§§urements of width, depth;.gF?a; and velocity made periodiga]]y
byrtherSGS to calibrate the gauge:at:DéSoto from 1978 through 1981 were
evaluéféd in this analysis. Theﬁefdgié rebresent a 4-yr time-span, with

most of “the high-flow calibrations occurring in 1978 and 1979. During

. this pegidd, considerable changes in_channel morphometry could have

occdﬁféd;—which would tend tofobéiiré?tnends related to flow alone.
Calibréi}dh readings were thereforé ;ébaFated into "old" (1978-79) and
"new" (1980-81) groups for compar}éoh; -Aﬁ Fig. 5 1llustrates, there
were nd}féédily apparent_differences gétween the two sets of
measu}éﬁents in their relationsniﬁsrwith discharge; the data were
thereforeitreated together in subsequengranalyses.

;3Stétist1cal evaluation of tﬁé_ééf§ets of calibration measurehénts°
again“using multiple linear.regrggsion;réévealed that cross-sectional
area énﬁ its components-=channel w{dfh'and mean depth--varied in é
qufly predictable manner with_dj%;harée. Results for velocity,
howéve;j:were worse. Although a'vé;;2§y”of transformations were
empﬁoyed;—the following quadrat1¢é”semi§1og relationships using
untrans;o(med measurements of width,LZEp}h, area, and velocity against
1o§{d;transformed values for floﬁiiﬁere;;in English units of ft, ft2,

ftlsecyﬁéﬁd'ft3/sec, respectively),éy;;idéd the best resuits:
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Regression Coefficients

Pafahétéb; intercept 10910 ?fow_“110§1n F1ow)? EE, _E '
Area -~ 4024.16  -3780.64 - 898.41 979 <0.01
Depth ©  -3.63 2,02 - 0,19 886 <0.01
Width . 403.29  -351.49 -~ 89,35 .951  <0.01

Velocity - . 3.05 -1.64 = --0.44 351 <0.01

AlthougntaTl the relationships are stafjg;fcally significant (p<0.01),
the.important.one relative to sgdﬁégg;*transportoabetween discharge and
veldcitj;=i57n0t1ceab1y worse than the others (Fig. 5), thus explaining
to.s&mé"éitent the poor fit of thé;ﬁéft1cle=size/f1ow relationships

(Fig. 4).

Based on these results, it-is:haﬁfsuﬁprising that discharge alone
does not:describe sand, silt, or c1ay,coﬁéentrations any better than
the reiqtionships depicted in Fige;4{ Suspended sediment transport is
largely énefgy«-and therefore, velbéity;;Aépendent, and knowledge of
dischaégg!élone will not enable accuraiéﬁpéediction of velocity (Fig.
5)°”rtt appears that in the 1oweﬁj§eachgs of the Big River, velocity at
a givénlﬁafer level is somewhat mbfefgérjable than the other
detérmjnants of discharge. Improvement dvér current abilities to
predict §u5pended sediment dischargeaaﬁd?"ﬁence, total sediment yield
andftfacé”metal transport, will ré&giﬁéﬁthat this vafiability be
accounte;i‘for° The simpiest approach Qouid be to compute mean velocity
for a given discharge level; widtﬁ_q@dfdepth respond very predictably,
and a term related to this comﬁutéﬁ véfﬁcfﬁy (discharge/area) could be
intrbéué?d into the equations deséf{iinb”the sediment concentrations.

Anog@ér approach, which is consiqgfablyﬁless empirical, would bérto




exdmfne some of the determinants df ye1oci£y==in particular, energy
slope;ain3attempt to account for’§bmeidf-the observed variation in.
veloc1ty.; Impoundment. of flood waters in the lower- gradient, downstream
reaches - of the Big and Meramec Riversa-which would lessen the energy
s]opeaamay exp]ain the observed variabi]ity in velocity. This
phenomenon could be quantified readi]y u;1ng stage records from the USGS
gauge.at Byrnesville for times corresponding to the collection of the 43
sampfes'frdm'Brown's Ford. o -

’<Theeforegoing discussion described'the steps taken (or that need to
be taken);to accurately estimate enenended eediment concentrations in
the 1owen neaches of the Big River asA;ert"of an overall mass-balance.
approach to quantifying the dynamics of toxic trace metals. Better
predictive capabilities for ve1oc1ty==nerhaps incorporating energy

s]ope==w1ll enable corresponding1y-better estimates of sand, silt, and

clay-size particles in the suspended 1oad and, ultimately, in the bed

and tota] sediment loads.
" Attempts at directly measuring?bedtded transport did not produce
sufﬁicjenﬁ data for quantitation. -Injene'three 1980-81 sampling
periods, bedload collections with;tne Heliey=$mith sampler showed
measurabie‘bed sediment movement-at,Bnown's Ford only at high flow
(11;900 ft3/sec), and no bedload s;nb1es:were collected by the St. Louis
Dietrict.in 1978. Although the one bed]ged sample collected has not
been ddéntitatively evaluated in fe}ng;df—either particle-size
distribution or metals content, visual exam1nation revealed the presence
of substantiai amounts of grave1= to cobblees1zed materials. Figure 6
is a frequency distribution of mean darly discharge recorded at the USGS
Vgauge:dn Fﬁé”Big River at DeSotO?frng}QGS'through 1980 (5,113 days).
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As this figure illustrates, flow at DeSoto exceeds 10,000 ft3/sec
1nfrequent1y., Further analysis of the data revealed that the daily
means exceeced this level only about 0.5%,of the time. However, 10,000
ft3/sec 1s nowhere near maximum flood cond1t1ons for the period of
record. Mean daily discharge for the April 1978 flood exceeded 33,000
ft3/sec, and continuous records show ‘that a peak flow of 34,200 ft3/sec
was recorded during this flood (Appendix A). USGS (1981) repocts that
the f]ood of record at DeSoto was 55, 800 ft3/sec (1580 m3/sec) and
occurred on June 30, 1957; priorlgo the-period of record, which began in
October; 1948, the maximum flood (Auéc;£5_1915) was estimated to have
beenﬁf0;500 ft3/sec (2,000 m3secie4LEﬁom:this information, it can be
concluded that discharge levels capab{e;df moving significant quantities
of . mateﬁia] in the lower reaches of;tﬁé'Big River as bedload occur
1nfrequently° but that the quant1ty of material involved is probably
s1gn1f1cant.' This material must be accounted for in evaluating tota1
sed1ment transport,

-.The most accurate method for eet{mating total sediment transpoct
(bedlbaq=+rsuspended load) in a rixer:syecem is the "Modified Einstein
Proceducéf (vanoni 1975). This prccedc}e is accurate because it |
incorporates actual field measurements- (suspended load and streambed
textural_cpmposition, measured oricomcgéed velocities, etc.) and eesily
deciyed laboratory data (fall velcciyies and densities for several size
c]asseszof%part1c1es) to estiméce traespict in the unmeasured (bedload)
poctieniof the stream channel. thepWQVailable techniques rely more on
theory end'1ess on actual data. fUEihg ;His approach, it should be

possible to estimate the total yieldrcf;sand, silt, and clay-sized

particles based on refined estimeces of suspended load concentrations
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and veiocity, as per earlier discussions° “ihe already-defined
reiationships_of particle concentrations uith discharge and (eventually)
meanrveiOCity with discharge and energy*siope can then be incorporated
into the modified Einstein procedure, which will result in a
reiationship that estimates the total concentration in each size ciass
as functions of discharge and energy’ siope° Mean annual total sediment
yieid for the lower portion of the Bid River watershed can then be p
estimated by combining this total sediment concentration/flow
reiationship ‘and the integrated form of the flow-frequency distribution
(Fig. 6);f [f the flow-frequency distribution is not significantiy
differentifrom normal, then the computationai burden could be reduced
great]y by using standardized areas of the normal distribution.
However, anaiysis of the data represented in Fig. 6 by the Durbin-Watson
test procedure (Sokal ‘and Rohlf 1969) reveais that even after .
log-transformation the fiow=frequency:distribution for DeSoto is
signiticentiy different from normail(D%QJS;_p(O.,Ol)o The simpiest;
most_straight=forward approach, then, will be to integrate by dividing
the cur;e.up into segments and computing {ndividual areas. This will be
furtner simpiified by the fact thatfthe=data used to generate Fig., 6
were originaiiy reported by USGS in-Zérciasses (USGS 1981).

| The final step in the mass=ba[ence computations will be to relate
annual—yields of sediment to annuai-yieids of metals--especially of Pb.
As discussed earlier, this necessitates -accounting for differing
concentrations of the metals in the various particle-size fractions.
However, a°probiem inherent in this type*of fnvestigation is that of
accurateiy coiiecting sufficient quantities of suspended sediments to

divide among several size fractions. for trace metal analysis.




iAiternatiVeiy, total metal concentrationS"and particle-size composition
can be heasured independently for eaéhnsuspended sediment sample; the
reiationships between the grain=size distributions and metals
concentrations can then be determined statistically., The more samples,
the morefparticie size classes that trace metal concentrations can be
estimated for. Ultimately, with many samples, this relationship couid
be smoothed into a continuous functionnof!particle diameters. (In this
study;jtne St. Louis District's 1§78;33ta were quantified only in three
size ¢lasses--sand, silt, and ciayesi;ed‘particieso) Using the St..
Louis District's data and the data’}roﬁ the 1980 and 1981 collections at
Bran's Ford. (43 observations) tne’foiloeing model was fit using
multiple regression: S
| | logig Yi = bfxi + bzxz + b3x3y + €y
where Y1 total dry weight suspended metai .concentration in ug/g
(suspended metal/measured or computed total suspended solids X 105), X1»
X2, and x3 are the proportional representation (percentage/100) of sand,
silt, and clay-sized particles, respectiveiy; by, by, and bj are
regression coefficients reiated to the metal concentrations fn each
fraction, and e s random error., Resuits of these computations (Table
7) show that particle-size distribution accounts for >99% of the
variabiiity in the concentrations. of suspended Pb, Zn, Fe, and Mn; >97%
of the variability in suspended Cu and >86% of the variabi]ity in
suspended Cd. All models were highly significant (p<0.01) as were aii
repreSSion coefficients except_that forACd==sand, which was also
Significant but at a lower probability level (p<0.05). |
ziseverai features of Table 7Tare:worth highlighting., First,

suspended Pb concentrations in the-tnree”size fractions appear similar;
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Table 7. Regress1on coefficients re1?t1ng 10910 total dry-weight suspended

- metal concentrations (mg L=

/total suspended solids x 100) and

. proportional particle-size compos1ton (%/100) at Brown's Ford,

1978-1981 (n=43).2 o )

, Coefficients e
Metal Sand Silt _ Clay. - R2 xP
Pb 3.3 3.368 . 3.288 .99 1,850.4
cd 1,184 0.730 ,fssrfésc;;? .86 9.5
In | 2.982 3017 2,970 .99 993.8
Fe 5,359 4,469 RN .99 34,434,0
Mn R 3,326 3,429 :3.}64 .99 2,151.0

Cu 2,434 1.579 2.487 .97

95.8

3A11 models significant, p < 0.01; all coefficients significant
(0,01 < p £ 0.05 for Cd-sand, p < 0. o1 for all othersg

bGeometric.mgan dry-weight concentration,.yg/g.




and secoqé, coefficients for Pb, Zn;fand'Mn appear highly

corré]éted==a1though differences 1n'the:mégnitude of the coefficients
among size classes are small for alllfﬁtée of these metals, the small
differences present are nearly idgﬁticaﬂafor Pb, Zn, and Mn, and appeaf
much moré cﬁosely correlated than tﬁe ¢béff1cients for the other three
metals. As the coefficients i11u§tf9§e,_concentrat1ons of Pb, Zn, and
Mn appear:highest in the silt fraction; slightly lower in the sand.
frécgion;’and Towest in the c]éyrggqﬁtibn.r‘Fe, Cu, and Cd |
Concgptrai%ohs were highest in the”clayhfractions; lowest Cu and Cd
concenffq?ions occurred in the sifi fhdétioﬁs; and lowest Fe
conCentraiions were in the sand fractions.

.-To briefly summarize the precediqg d1scuss1on, the means are
presént)y available to quantify ﬁhe'magnigude of sediment and
sed1ment;bbrne metals transport im tﬁe'Brown's Ford reach of the Big
Rivér. The conceptual framework and computationa] flow for this
quantitation, although not yet- c0mp1eted, are outlined in Fig. 7. When
completed the analysis of sed1ment transport is certain to show the
1mportance of major runoff events==f100d1ng==1n the transport of toxic

metals in the solid phase.

The high concentrations of metaléfin the solid phase, as described,
make 1t?easy to overlook the re]ativgjy low concentrations present in
the 1jqu1drphase° Yet, on a mass;baiance basis liquid-phase transport
may be as or more important than soliaaphase transport simply because of
the much greater volumes of wateé_thén o%fsediment passing through the
river 1n'any given time period. ~Theiébbroach to be taken in evaluating

11quid=phase transport is essential]y the same as that outlined for

solid=phase ‘transport, but is much- S1mp1er overall, The responses of

B R
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the disstved métals concentrationsggotChénges in discharge need to be
evaluated and quantified; thenrtheffTQQ;specific concentrations need
only,berigighed using the f1ow=fréq&éﬁt}'distribution (Fig. 6) to arrive
at tﬁé{f1ow§weighted annual mean_xié1d,of;£he metals in the
11quidabh§se. -A much cruder apprdacﬁ_jg”to use an unweighted
avebaqeansay, 0.01 mg/L for Pb; 0.0005 mg/L for Cd; 0.025 mg/L for Zn;
0.075 mg/L for Fe; 0.03 mg/L for Mn;.and 0.30 mg/L for Ba. The USGS
repoEts’the long;term average andugl”afscharge for the Big River at-
DeSoto as;ABS,OOO acre-ft/yr (577 hm3/y})o Multiplying the unweighted
avefagéonhcentrat1ons by this f1gﬁ§§féﬁa-adjusting the units
accérdingiy (MT = mg x 10°9; L =:hm3@x;ib;8), a first approximation at
annuél lfquid-phase export of metﬁlsiffdm the Big River watershed is Pb,
0.57NMT; Cd, 0.03 MT; Zn, 1.44 MT?_Mn; 1.73 MT; Fe, 4,33 MT; and Ba,:
17.3 MT;f Refined, flow-weighted egffﬁa;es'of these annual f]uxestwill
have to be included along with theféstimafes of solid-phase transport in
any conéideration of water quality 163}hé”proposed Pine-Ford Lake;rrThe
fact that of the dissolved metals, only Ba concentrations exhibjped-any
correfation with flow (r=-0.32, Tablévsﬂ may imply that an unweighted

average; as used above, may be sufficiently accurate for all bdt Ba.

Meté1§”in Sediments R

The sequential sediment extractié;:brocedure employed in this. .
1nvéstfgat10n was modified only §{jght]y*from the one developed. and
described by Tessier et al. (1979). Asﬂéuth; it is appropriate to begin
this discussion with their originailihférpretations of the five

fractions:
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“Fraction 1, Exchangeable. Numerous studies ... on sediments

‘or on their major constituents (clays, hydrated oxides of iron

‘and manganese, humic acids) have demonstratd the adsorption of
- - trace metals; changes in water ionic composition ... are

likely to affect sorption - desorption processes."

'"Fraction 2. Bound to Carbonates. ﬁ:;, significant trace
metal concentrations can be associated with sediment
carbonates, this fraction would be susceptible to changes of

pH°

~--="Fpraction 3. Bound to Iron‘andrManganese Oxides. It is well
_established ... that iron and manganese oxides exist as
nodules, concretions, cement between:particles, or simply as a - -
coating on particles; these oxides are excellent scavengers
- for trace metals and are thermodynamically unstable under
—-anoxic conditions (i.e., low-Eh)."

“Fraction 4. Bound to Organic Matter° Trace metals may be
 bound to various forms of organic matter: living organisms, -
detritus, coating on mineral particles, etc. The complexation
and peptization properties of natural organic matter (notab]y

_humic and fulvic acids) are well recognized, as is the
“phenomenon of bioaccumulation in certain living organisms.
“Under oxidizing conditions in natural waters, organi¢c matter
can be degraded, leading to a.release of soluble trace
metals."” . B

‘“Fraction 5. Residual., ... the residual solid should contain

-mainly primary and secondary minerals, which may hold trace
metals within their crystal structure. These metals are not
expected to be released in solution over a reasonable time span
under the conditions normally encountered in nature."

The procedure is summarized in Figire 8.

_ Evaluation of the sequential extraction procedure. To assess the

accuracy,df>the sequential extractfoh;bcgcedure, separate aliquots of
each,éedtment sample was digestedteécjana1yzed for total metals using
trad1tiohet acid digestion and atdhiclegebrption procedures. These '
resuTts are compared to corresponding sums of the sequentially- extracted
fractions for Pb, Cd, Zn, Cu and Ba 1n Figure 9. As these plots

111ustnate, agreement between the two_methods was excellent for»Pb,'good
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for.Cd; and. "otherwise" for Cu, Zn’and'da; Statistically, these plots
were evaluated using linear regression. The model -

o logig Y5 = @ * b 10910 X + ey
was fit, where Y; = total metal concen;gat1on determined by conventional
mechcd;,ta = intercept, b = regresgiznfcoefficient (slope), x = tne sum
of the sequentially-extracted fractionegrand € = error. Perfecc .
agreement ‘between methods would yield 11near relationships with a = 0.0,
b = 1 0, and perfect correlation (szi;i—O)l As illustrated by Table 8,
1og transformation reduced the var1ab111ty greatly for Pb, Cd and Zn,
but not for Ba or Cu. For In, Ba,?"d Cu, examination of the
untrane;drned plots shows 1ncreastngﬁ;anfafion with concentration, a
trend which was probably not totalﬁyfiiin{nated even after log
transfornation° From these resu1ta,;f§:appears that the sequential
extcacffcn pnocedure is both accuraté and precise for total Pb; is
precise,;aut slightly underestimatés tdta1 Cd; is fairly accurate for In
but . loses prectsion at higher concentrations, is marginally accurate and
precise for Cu; and is of limited uti]ity “for assessing the ava11ab111ty
of Ba., Based on these appra1sals, the data for all metals studied are

included in this report, but on]y'resulte for Pb, Cd, and, to a 1imited

extent, Zn are discussed in any detaﬁls;

- Adjusting for textural differencesjamong sediment samples.

Altnough every effort was made to select "riffle" (scouring) and “pool"
(depOsifiona1) areas at each site fo;;;ediment collections, cursory
exanfnation of the grain-size dafaiYkﬁnendix B) revealed that
riffle-pool differences were not=d{ecinct'at some sftes, that the

d1fferences between riffles and~ponis Were not consistent among the
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Table 8. Intercept values (a), regﬁes§13ﬁ{coeff1c1ents (b), and RZ values
determined for the relationship logyg (total metal concentration)
- = a + b [logyg (sum of sequential fractions)].

Metal .. 2 L b R

b 0,22%% o 1,06%% .99
: cd - B 0 1 .95
.E In e 0.16 _ © 0,92 .91
‘ cw 0.31* - - 0.79%s .65
; Ba | 0.57* S 0.7# .65
¥ p < 0,01 S
4 * 0,01 <p £ 0.0 B
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sites, andrahat within sites there was SOmé overlapaesome “pool" samplés
had gra1n-s1ze distributions more typica] of "riffle" areas, and
v1ce=versaa For example, at Brown' s Ford two of the three pool samples
containéd about 45% sand, 37% silt, and 18% clay; the third contained
72% sand "23% silt, and 5% clay, and at Desloge the pool samples were
coarser 1n overal] texture than were the r1ff1e samples. I[nitial |
stat1stica1 analysis of the trace. meta1-data for these samples suggested
that observed differences between riffle and pool samples might be
caused only by textural d1fferences in the samples. The differences
were substant1a1 in some instances; at Brown s Ford, total Pb |
concentrations (on a dry weight basis) averaged 583 ug/g for riffle
samples-and 2633 ug/g for pool samples° o
' The;gasiest method of a]leviating_phe grain-size problem is to use
mean va]Ues for each site. Howevef,‘avefaging all samples from a s%ae,
although;gaﬁaightforward,.would'obfusgafé'any relationships related to
particfe si;e distribution, and:ﬁadag;<sed1ment transport, bedause all
saﬁplesrwddld be weighted equal]y::-ihsféad, a more functional approach
wasrﬁagah; First, multiple regreSaigﬁ”was used to define the
relation;dips between metals conCentrai}dns (total and for each
sequenfial fraction) and particle size distribution for each aite, as
described previously for suspendgd“meta]sw The model |
. logig Y4 = b1x1+b2x2 + byxgy *+ ey

where Yi concentration of metal (total,'or in a sequential fraction);
x1, xz. and x3 are the proportiona? representations of percent sand
percent si]t, and percent clay, respectfvely, by, b, and by are
regression coefficients related t0=the;re1at1ve metal concentrations in

eacnlsjie class; and g4 is random!éb?db; was fitted to the data from
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each'sife1' The coefficients were théngﬁSed to adjust the concentrations
in each sample to the mean grain- size distr1but1on for the site, using
the formu1a generally applied to adJust treatment means in the ana1ys1s

of covariance (Neter and Wasserman 1974),r“
1;1 = Yi = by (%1 = X1) =-rb2 (xz = Xp) = b3 (x3 = X3)

where %i'=aloglo (adjusted concentration), by = b3 and x; - x3 are as
descr1bed above, and xl, xz, and x3 are the respective proportional
representation of the mean sand, silt, and clay percentages for the
s1te° | L

Results from the multiple regress1on portion of the above analyses
are presented as tables of regressfonrcoefficients (Table 9a-f). All
regressions were highly significant (g(O 01), except where the |
concentration values for a fraction were all at detection 1eve1s° fhese
fractions can be easily located in—Tab]es 9a-f--they are the ones with
1den§1ca1 coefficients for sand, si1t,eand c1ay fractions (see, for
example;nTab1e 9b: Cd at Irondalefano'in the Black River). RZ values
for'most relationships exceed 0. 95, inoicating that grain=size
compos1t10n alone accounted for most oiA;he differences in metal
concentrations among samples from a_locationw

*The multiple-regression coefftctents'were used to adjust the

concentrations of each fraction ;o¥the'ﬁean particle size content for
the s1te;from which the sampie came-(nean percentages for the sites are
1isced jn Table 9f). The adjusceaiconcentrations for each fraction were

then averaged for each site and'sUmmed,;o arrive at the mean adjusted

total metal concentratfon for eacn sfteir This new total was used as the

basis For computing the average proportfonal contribution of the flve

sequential fractions. The adJusted tocais and percentages thus computed
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Table 9a. Multiple regression coefficients relating dry-weight concentrations of Pb (total and fractions)
in the sediments to particle-size percentages. See text for explanation.
. Big River .- f ‘ :
: ;' { ; ‘Brbwhis Ford - ﬂDesﬂdgé f R Irondale .
" Phase sand silt clay sand 'osilt clay'' 'sand ~ silt" clay
Exchangeable .60 2.74 .17 1.31 -8,.80 10.86 .70 .70 .10
Carbonates 2.30 5.84 .26 2.76 10,31 4.66 77 5.49 -19.83
Oxides 2.52 4,25 2.03 2,75 12.27 A 1.22 -.79 23.38
Organics 1.66 3.28 .01 2.04 11.92 -9.33 .70 2.93 2.82
Residual 1.73 3.00 1.90 2.93 -1.25 -11.74 1.11 -3.67 22.89
Sum 2.80 5.28 1.63 3,33 7,99 1.52 1.62 &1 14.88
Total 2.69 5,02 2,22 3.28 7.94 3.25 1.47 1.24 13.02
: ﬂ o : _— '
” ; "Black River g
Upstream Clearwater L. Clearwater L. Downstream Clearwater L.
Phase sand silt clay sand siit clay sand silt clay
Exchangeable .70 .70 .70 .70 .70 .70 070 .70 .70
Carbonates .70 - 70 .70 - 1.28 1.68 .19 .70 .70 .70
Ox1des .16 -8.15 6.84 1.47 1.45 -5.20 1.63 1.61 3.50
Organics .70 .10 .70 1.14 1.13 -3.87 1.39 32.79 -35.34
Residual .71 3.04 -3.75 1.52 1.70 -32.44 1.66 30,79 -35,28
Sum 1.34 -.38 1.83 1.97 2.11 -9.16 2.07 12.27 -10.07
Total .90 17.81 15.15 1.98 1.67 1.18 1.99 6.96 -5.32
v ®mn o PR W PR T MR PPY R WY (WY Y Y W %Y e
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Table 9b. HMultiple regression coefficients relating dry-weight concentrations of Cd (total and fractions) in
sediments to particle size percentages. See text for explanation.

A »f . “ o Big River :  |j - | . f S
' | . Do ! S Brbwﬁ‘s Fdrdf S :‘.Déslogé . o .  Irondale =
Phase: = = © -~ sand silt clay 'sand . silt: ° clay:  sand « silt ~ clay
Exchangeable .39 -.11 .43 .25 9.10 . -1.47 .15 - .15 .15
Carbonates .42 2.09 -1.33 .87 3.28 -8.78 .15 .15 015
Oxides = .20 1.17 .40 48 521 5.19 15 215 ol
Organics .19 -.19 1.58 .34 -.33 .19 215 .15 .15
Residual .07 -.20 1.99 1.61 7.16 -23.12 .01 .01 .01
Sum 071 1.83 .16 1.70 6.22 -13.11 42 .42 42
Total .06 1.29 1,15 1.73 10.74 -17.22 .04 .56 -1.07
‘ L ,;.: ! - ' ‘,,r:‘ ' “I
o R " PRI I S S o
S bJ: “;,”« L T .‘\1 ‘ “J . | - ‘ : " ’ ) ; ‘
' ! Black River B R :
Upstream Clearwater L. Clearwater L, NDownstream Clear L.
Phase sand silt clay sand silt clay sand silt clay
Exchangeable .15 .15 .15 .15 .15 .15 .15 .15 .15
Carbonates 015 .15 .15 .15 .15 .15 .15 -15 .15
Oxides .15 .15 .15 .19 -.09 -1.16 .16 .07 .58
Organics .15 .15 .15 .15 .15 .15 .15 .15 .15
Residual .01 .01 .01 .02 .17 -1.64 .05 1.28 -1,96
Sum .42 .42 .42 .44 .35 .84 44 | 1.20 -.75

Total . .37 .37 .37 .22 1.86 . -3.45 13 .00 11.46




Table 9c. HMultiple regression coefficients relating dry-weight concentrations of Zn (total and fractions) in
sediments to particle-size percentages. See text for explanation.

Big River - S
: : o ] . oot i . ' oy t
; S Brown's Ford o - Desloge Irondale o
_Phase 3 sand silt clay . sand - silt clay sand - silt = - clay
Exchangeable .82 1.06 .04 1.24 7.23 -.53 .15 .15 .15
Carbonates 1.90 4.08 019 2.30 17.47 -.21 .59 3.48 9.63
Oxides 2.09 3.30 1.30 2.29 11.93 1.53 .98 .81 16.98
Organics 1.31 1.69 2,20 1.60 7.76 -2.74 037 1.81 1.79
Residual 2.08 3.17 .70 3.09 .02 o 17 1,37 2.16 20.02
Sum 2.55 3.91 1.17 3.23 9.10 -1.39 1,57 2,37 18.83
Total 2.50 2.46 4.38 3.47 13.24 -17.24 1.71 4,70 -4,47
3 | : H o))
3 ! : ’ ‘ f . I w -
i o o L ‘ . : _ : ‘ v S
o : s S S LY S R AR A o
B S co ' Black River ° oy T
Upstream Clearwater L. - - Clearwater L. " Downstream Clearwater L.
__Phase sand silt clay sand silt clay sand siit clay
Exchangeable .15 .15 C .15 .15 .15 215 .15 .15 .15
Carbonates .47 -7.03 11.59 .97 1.14 -.86 1.47 11.05 -14.35
Oxides .68 -8.33 19.21 1.31 1.27 -4.72 1.60 2.39 -2.68
Organics .24 -6.94 6.59 .86 1.03 3.19 .94 8.04 -8.60
Residual 1,14 -3.19 8.2/ 2.03 1.03 5.45 2,06 /.28 -9.43
Sum 1,31 -5.28 12.49 2.15 1.43 3.75 2,28 7.13 -8.03
Total ” 1.36 6.10 11.83 2.24 2.00 1.06 1,92 -4,69 8.32




Table 9d. Multiple regression coefficients relating dry-weight concentrations of Cu (total and fractions) in
' sediments to particle size percentages. See text for explanation.
i y 3 ﬂ  ”‘1w-1 T ﬂ 
~Big River
Brown's Ford Desloge Irondale
Phase sand silt clay sand silt clay sand siit clay
Exchangeable .15 .15 .15 .15 6.91 -6.27 .15 .15 .15
tarbonates o4/ ~.10 .02 K] 16,81 -17.56 .10 094 4.92
Oxides .50 -.32 1.23 -15 6.45 -5,52 .08 -1.60 16.79
Organics .68 3.46 .65 1.10 7.82 4,17 .14 2.30 15.85
Residual .71 6.01 -5.83 1.47 11.49 2.43 .89 3.69 5.09
Sum 1.13 4,57 -2.19 1,65 11.57 2.35 .96 3.49 8.71
~ Total - 1,22 2.68 1.72 1.50 -2.96 - 13.96 1.24 7.56 -24.41
o R ) B o r : J? L
Black River

Upstream Clearwater L. Clearwater L. Downstream Clear Water L.

Phase sand silt clay sand silt clay sand silt clay
Exchangeable .15 .15 .15 .15 .15 .15 .15 .15 .15
Carbonates .15 .15 .15 .15 .15 .15 .15 .15 .15
0xides .11 10.14 21.79 .38 -,02 -4,70 .28 -14.75 15.53
Organics .20 -4.49 16.74 .88 .93 .31 .87 1.78 .56
Residual .15 -7.21 8.15 - 1.51 1.58 -1.16 1.55 6.75 -9.40
Sum .87 -2.40 15.41 1.61 1.65 -.86 1.63 4.50 -5.53
Total ol 7 1.80 28.71 2,10 -.65 -15.28 1.67 -7.86 8.64




Table 9e. Multiple regression coefficients relating dry-weight concentrations of Ba (total and fractions) in the
sediments to particle-size perceantages. See test for explanation.
' o i :‘..; J ' ..‘r“
Big River ' '
Brown's Ford Desloge Irondale

Phase sand silt clay sand silt clay sand silt clay
Exchangeable 1.68 2.88 .19 ./0 8.14 11.29 1.51 9,37 -24.29
Carbonates 1.64 2.45 1,19 .83 18.63 -1.49 1.47 7.93 -10.74
Oxides 1.80 2.74 .60 1.21 27.67 | -15.56 1.62 -.28 22.10
Organics 1.48 1.30 1.63 .60 3.93 8.74 .72 9.76 -21.87
Residual 3.08 3.00 3.09 1.76 20.51 031 2.35 2.93 3.76
Sum 3.15 3.18 3.11 1.93 20.61 -.10 2.52 4.39 1.77
Total 3.10 3.76 2,81 - 1,81 3.64 13.49 2.38 4,50 4,21

t o 4 " W
‘ . -‘ [ R ! P
; ' ! Py ' . 3
Black River

Upstream Clearwater L. Clearwater L. Downstream Clearwater L.

Phase sand silt clay sand sitt clay sand silt clay

Exchangeable .12 -19.86 43.02 2.02 1.11 -7.62 1.90 3.76 -6.44

Larbonates .53 -.84 22,38 1.62 1.61 3.00 2,30 4.54 -6.93

Oxides .45 -20.79 19.56 .86 .62 -12.22 2.73 13.08 -15,.81

Organics - 30 .30 .30 1.31 1.54 6.27 1.97 22.74 -24,68

Residual 1.97 2.50 -11.11 2.13 1.64 29.59 2.56 10.81 -11.25

Sum 2.02 .16 -4.77 2.46 1,98 17.54 3.11 11.77 -12.47

Total 1.78 6.92 15.56 2.65 2.56 3.61 2,61 - 5,56 -1,92
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Table 9f.

size particles at each site. See test for explanation.

{

Multiple regression coefficients relating dry-weight concentrations of Mn and Fe (total and fractions)
in the sediments to particle-size percentages, and values for mean percentages of sand, silt, and clay

Big River
Brown's Ford Desloge Irondale
Phase sand silt clay sand silt clay sand silt clay
Exchangeable
Carbonates 4.05 5.09 2.50 4,10 13.89 .96 4.09 5,91 3.97
Oxides 3.94 4.28 4.99 §.45 -3.02 10.91 §.04 7.87 -§.48
Organics -
Residual 1.78 3.12 024 2.91 11.64 -3.50 1.87 | 4.76 -3.51
v oSum o oo+ | 2,78 - 3.93 2.58 - 3.59. -4.,35. | 11.42 2,93 . 5.42 - 7.55
Total . o 1.73.20 18.80 8.0 96.3 ¢ 2.0 1.70 93.10 5.70 . 1.20
S ' 4 l : “7‘ ; o L . ; D v oy o . L “Jwg : o
P S A :
Black River
Upstream Clearwater L. Clearwater L. Downstream Clearwater L.
Phase sand siit clay sand silt clay sand silt clay
Exchangeable
Carbonates 3.64 -B.42 18.92 4.39 4.15 9.75 4,58 11.43 -10,22
Oxides 3.55 14.58 18.31 4.52 4.64 6.85 4,16 2.11 5.28
Organics ,
Residual . ‘ 1.42 -18.83 18.49 2.23 1.68 8.31 2.40 14.71 -16.36
Sum 1,94 15.60 36.10 3.30 3.69 -1.00 3.97 9.21 -4.89
"Total - - 98.70 0.70 0.60 91.70 - 7.50 - 0.80 92.80 13,50 3,70
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for each site are displayed graphic;lligigrrpb, Cd, Zn, Cu and-Ba in
Figs.rldfig, respectively. Concentrations and percentages for the |
tailiﬁgs, Washington State Park, ahdéﬁf;;;al Fork sites are simple
arithmeéfg;gverages of the two sampié?iéb11ected from each site;

A Eummafy of the computationél proéé&dre may make the sediment
study sééh less complex and easier-tb%}thrpret. Fiqures 10-14 7
i]lusfra§E'the total metal concentrations. of the sediments from each
locatﬁbn;;égjusted to a common'textuféf{pbmposition, and the relative
conceﬁiritions of the five sequenffaij=éxfracted fractions in this -

adjusted -total. The coefficients in Tébie 9a-f describe the

" distribution of the adjusted total and ‘each sequentially extracted

fraction to size classes within the'sediéent (for the 6 sites where
there-we?g sufficient data). When these coefficients are combined with
the corresponding mean grainasizeiﬂistrjbu;ions (Table 9f) they describe

the distribution of mass (rather than_&dncentrations).

“Lead, cadmium, and zinc 1n'sed1meﬁts. As expected, total sediment

Pb cohcentrations were highest-at'Desloge (1776 ug/g) and in tailings
material (1843 ug/g) and tended tO'décféése with distance downstream
from.the Desloge area (Fig. 10). ”fﬁé'total Pb concentration at Irondale
(4§;6:ug/g) was the lowest found”atfth§¥$1g River sites. Concenfrations
in Mingfal Fork, although 1ower«Q§Z€dF than concentrations in the
mainéiém of the Big River anywhehe”be4qwlpes1oge, were substantiafly
higher than at Irondale (Fig. 10),_'This may be attributable to past Pb

mfnjﬁg activities, to ongoing bgf}té'mthfng, or to both in the Mineral

Fork watérshed, as described previousiy'in the discussion of suspended
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ﬂ. o Figure 10 . Adjus&ed total sediﬁenm”Pb concentrations (ug/g, dry weight) and proportional representation

of the five sequentially-extracted fractions. See Figure 8 and text for further explanation.
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Figure 11, Adjusted total sediment C4: concentrations. (ug/g, dry weight) and proportional representation
of the five sequentially-extracted fractions. See Flgure 8 and text fer further explanation.
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of the five sequentially-extracted fractlions. See Figure 8 and text for further explanation.
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v Figure 13. Adjusted total sediment Cy concentrations (ug/g, dry weight) and proportional representation

of the five sequentially-extracted fractions. See Figure 8 and text for further explamatiom. °
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- Flgure 14, Adjusted total sediment Ba. conc¢entrations (vg/g, dry weight) and ptoporfional representation

of cthe five sequentlally-extracted fractione. See Figure 8 and text for further explamation.
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metals. Totai Pb residues at the Black River/Clearwater Lake sites were
far 1ower;£han in the Big River--21 ug/éﬁabove Clearwater Lake, 77 ug/g
in the Take, and 89 ug/g downstream° 7"'?

The Big and Black Rivers are both hard highly-buffered river
systems,runder such conditions, available sorption sites on sediment
parti;Teszmtght be occupied by natura11&=§§éurring Ca and Mg ions., Not
surprisingly then, exchangeable vaédngentrations (as well as other
exchpngéabje,metals) were generally 1ow;ﬁ The exchangeable percentages
appearing significant in Figs. 10=14.méytherefore be artifacts of low
total metal concentrations., f";':a::_ﬂ 7 |

7‘§ar§QQ§§e=bound Pb was supstantiél?ﬁf’many sites, especially in the
Big Rivéﬁa‘ The proprotional cont%ibytioanf éarbonateubound Pb was

greateét'atrthe lower Big River §tatiohs}(includ1ng Mineral Fork),

slightly lower at Desloge and fn té}]fngs,zand lower still in Clearwater

Lake and-in the Black River downstream.of the lake (Fig. 10). At
Desloge, Brown's Ford, and in Cleaéﬁatér*Lake, highest concentrations of
carbqnate-bound Pb were associated witﬁ:bdrticles in the silt-size :
fract16n; at Irondale, with clayesgééd’part1c1es; and at the two Black
Rivgr”sites, concentrations were t00"10w_for assignment to size
fractions (Tab1e 9a). Collectiveli,iﬁﬁese~resu]ts reflect the
geochemistry of the region.and the besu1£1ng importance of the
carbonatzoﬁicarbonate system in-the BigﬁRiver, where the watershed is -
most]y under]ain by dolomitic limestone and the tailings themselves-are
actually,ground dolomite. 1In the- BI;ck R1ver watershed and in the
headwaters of the Big River, othenﬁchemica] systems may be more
important in controlling Pb distr1bu£qu:

---The Fe and Mn oxide-bound fraction for sediment Pb was important at

a]i;sites° Proportionally, it was lowest in the Black River above




Clearwater Lake (22%) and highest downstream of the lake (55%) and at
Irondale_{45%) (Fig. 10). This fraction, together with the
carbonateabound fraction, accounted for:about 88% of the total sediment
Pb content at the two lower Big River sites (Washington State Park and
Brown s Ford), 77% at Desloge, and’ 71% 1n the tailings. Concentrations
of Fe and Mn oxide-bound Pb were highest in the silt fraction at besloge
and Brown s Ford and in the c1ay fractlon at Irondale and both upstream
and downstream of Clearwater Lake (Table 10) Within the lake, o
oxide-bound Pb was lowest for c1ayesizedfpart1cles and about equal for
sand and silt-sized particles. ”i_

“Compared to the carbonate-andf§xidenhdund fractions,
organica}lyobound Pb represented a'rela; tively Tow percentage of the ]

total sediment Pb concentration at all sites, ranging from a low of

-about 4 4-5,0% at Brown's Ford, Nashington State Park, Des1oge, and 1n

tailpngse to a high of 12-15% at thefgcher sites. The highest

peccencaces_occurred within ahd_aﬁove;cieacnater Lake (Fig. 10).

_ Generally, Pb associated with organic material represented <5% of che

total 1n tailings and at sites that have experienced direct
contamination by tailings, whereas at uncontamtnated sites, it exceeded
12%o Organicallyabound Pb concentrations were highest in silt-sized
particles at a11 sites (Table 9a). .

- Residual Pb represented 22a24% of the total sediment Pb
concentration at Irondale and at Minera] Fork in the Big River 7
watershed. and.at all three Black River/CTearwater Lake sites (Fig. 10).
The _percentage of total Pb comprised by the residual fraction was lower

at the remaining Big River s1tes==18 20% in tailings at Des1oge, and

5=7% at Washington State Park and Brown s Ford (Fig. 10). In addition
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Table 10, Concentrations of the five sedﬁgﬁfﬁhl\yaextracted fractions and
total Pb in sediments from Brown's-Ford and Washington State Park
as proportions of the concentrations at Desloge.

o ' Fraction. :
Site - Exchangeable ~ Carbonate .Oxides - Organics Residual Total
Desloge . 1,00 1,00  ©1,00 © 1.00 1,00 1,00
Washington : : o
State Park .43 97 .98 .74 .25 .75
Brown's Ford .. 53 JU 197 L6l 24 .60
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to the apparent decrease in the proportiona] contribution of residual Pb
to the total the residual concentrations also declined, from 391- 397
ug/g dry. welght in tailings and at: Desloge to 95-99 ug/g at the two -
downstream sites. Residual Pb concentrations were highest in the silt
fracf1oneat Brown's Ford and within ané,oownstream of Clearwater Lake;
at Ironda1e, residual Pb concentrattons*were highest in the clay
fracffon;ﬁano at Desloge they werevhighest:in the sand fraction, the

fractionrthch also comprised 96% of the sediment (Table 9a).

- If,-as Tessier et al, (1979) contend the residual fraction is.
truly refractory within time spans:re1evant to this study, then the
chanpes*Tn~the residual Pb concentﬁét+onihetween Desloge, Washington.
StatevPapk, and Brown's Ford represenfithe'effects of dilution by |
sedihents with lower residual Pb contenthand the possible washout of
smaller particles high in residua]féht'fThe ratios of residual Pb
concehthattons at Washington State:back and Brown's Ford to the
concentration at Desloge were 0. 25?anoA0 24, respectively (Table 10).
These values which should be based on]y on transport-related phenomena,
can "be compared to ratios for the other fractions as an indication.of
the degree of interchange among the_fhactions that has taken-place
during transport, As the ratios'fOr:theiother fractions and for total
Pb illustrate, residual Pb changed far ‘more than any other fraction or
total Pb (Table 10). This anomaly can be illustrated further by-the
followtnp: at Mineral Fork, for ekample;'the residual Pb concentration
was 40 ug/g; in tailings, it was 397 uglg. [f 40 ug/g is representative
of the. “background“ residual Pb content in downstream areas, then the
=400:pg]g concentration at Desloge?wbu4d>have to be diluted by about 7.5

times with material containing only?40;59/g to end up with =100 ug/g at




Washington State Park and Brown's Ford. For carbonate- and oxide-bound
Pb, which together represented about 200 ug/g at Mineral Fork, the

tai]ings ( 1500 ug/g) would oniy have. to be diluted by a factor of about

1.5. 7 _

7-There are two immedfately plausio;efexplanations for the apparent
contradiction represented by the fact that the residual Pb
concentrations declined some 2 to 3 timesrmore between Desloge and
Brown—s,Ford than did the other fractions'(Table 10). The first (and
simpiest) is that perhaps the residuai fraction is not as refractory as
envisionedrby Tessier et al, (1979).. 7 However this seems unlike]y,
compared to most naturally-occurring processes, even the sequentia]
extraction steps that occur before- finai digestion of the residual
fraction. are severe. I[f anything,.the residuai fractton as measured by
this procedure may be conservative even Tessier et.al. (1979) cautioned
that the hydrogen peroxide oxidation at pH 2.0 may attack some su]fide
minerals ‘in the residual fraction.™ Yet, even if the organic and

,residual fractions are combined, the data in Table 10 show that the
ratios for the carbonate- and oxide=bound concentrations would still
differ from those of the more tightlyabOund fractions, implying that a
mechanismrother than simple diiution fs at work.

A more 1ikely explanation is- that substantiai quantities of
suspended and dissolved material derived from the Potosi and Eminence
dolomites enter the river upstream of Hashington State Park andffrom
Mineral ForkD aided by the barite and gravel mining operations in those

portions of the watershed. Reiative to the Desloge tailings, the

material derived from this region is low in residual Pb; it consists of

doiomitic limestone with a fair]y high percentage of Fe and Mn oxides,




These-meterials are known to be effect?Ve~in scavenging trace metals:
from:the liquid phase (e.g., Tessier-etfe].‘1979; Jenne 1968). A |
plausibleiexplanation of the differences between the fractions is that
susoendedrnaterial which is relatiﬁe1y;iow,1n Pb content enters the
river downstream of Desloge, causino anfjnitial dilution of the
so11dfonese Pb concentration. Thfs'materiel, together with taflings,
become theb“5ct1ve" sed1mentsaasuspendeda*bed1oad, and bed sediments.
Carbonates and hydrous oxides of Fe and Mn in these active sediments
then sequester and concentrate Pb from the Tiquid phase, which tends to
d1m1nish the effect of the initial dllution of the tailings mater1a1
Some Pb from the liquid phase probably also precipitates as PbC03, which
is insoluble and would be accounted f*? in the carbonate=bound fraction.
Additiona1 liquid-phase Pb is probably.sequestered by organic material
in the sediments, although the sequential extraction results suggest
that the organic-bound fraction represents ‘2 much lower proportion of
the sednment Pb reservoir than”do;the carbonate- and oxide-bound
fractions., Even more important, however; fs that the assocfations of
metals-nith carbonates and with Ferand;Mn'hydrous oxides are by no means
permanent; these fractions, as we]j’as—some of the organically-bound
fraCtion, constitute "important soorces of potentially available trace
metais“ (Tessier et al. 1979, citing ‘Jenne and Luoma 1977).

’7 The most prominent feature of the results for sediment Cd was the
Tow concentrations. Total Cd leve1s were less than 1.0 ug/g dry weight
at Ironda1e and at all three s1tes 1n the Black River. Adjusted tota)
Cd 1evels were highest at Desloge (30 ug/g) and in tailings (15ug/g),
and decreased with distance downstream to 11 ug/g at Washington State

Park<and 6.5 ug/g at Brown's Ford,;_ﬁs “reported for Pb, Cd
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concentrations in Mineral Fork sedimentsrizqs ug/g) were higher than
concentrations at Irondale and in'tﬁéiaiack-kiver watershed (Appendix

Resojts of the sequential extraction.orocedure for Cd are presented
in Fig. 11. An immediately noticéableifeature of this graph is that the
adjusted totals displayed beneath eacn'bar for [rondale and for the
threefsites in the Black River watershed are higher than the
concentrations listed in the preceding paragraph This is an artifact
of sumning:vaiues for severa) fractionsvthat were reported as equal to
the 1ower limit of detectability (o,OQ'ug/g), but which were actually
1ower. The values for total Cd measured by conventional methods, listed
above and in Appendix B, are better estimates of the total Cd
concentrations at these sites than are the sums of the sequentiai
fractions presented in Fig. 11. .

At the Big River sites where Cd concentrations were measurable,
severai features of the sequential extraction results were simiiar to
the resoits for Pb; however, thererwere’also some noteworthy i
differences., As reported for Pb, sedinent Cd concentrations at Desloge
were higher than concentrations in the sample taken from the tailings
piier(Fig; 11). This two-=fold difference most likely resulted from the
fact'that Desloge samples were'coliected from a site immediateiy
downstream of the confluence of!ﬁ]at‘River Creek with the Big River
_(Figzcli;, Flat River Creek is knoan;tb be a source of taflings to the
BigeaivEr; sediments in its iower'reaches contained up to 35 ug/g-in
1975 (Kramer 1976). o= :if?" |

One difference between the resuits for Pb and Cd was the

proportionaily greater contribution of exchangeabie Cd than of Pb in the

3
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sedimencs°at all sites affected by ca111ngs (Fig. 11). Exchangeable Cd
concentrations, where measurable, were fairly uniform, ranging from 0.9
ug/g (15%) at Brown's Ford to 2.0 ug/g (18 5%) at Washington State Park
(Fig. 11). Concentrations were highesc-fn_siltnsized particles at |
Desloge;;ac Brown's Ford, they were-n[gnest in the clay fraction (Table
%), | |

- The. higher exchangeable percentages for Cd than for Pb may be .
attributab]e to many factors, but the highly buffered,
carbonateebicarbonate dominated chemical ‘system in the Big River andrthe
sorpcign differential between Pb and Cd may be the most important. In
the excnangeable section of the_sequengialjextraction procedure, 1t was
1mposs1ble to keep the pH neutral; the?high carbonateubicarbonate Teve?s
in the sediment-water mixtures tended to shift the pH toward 8.2
1mmed1ate1y after adjustment. When this occurred, some meta]s were
probably re-adsorbed onto the surfaces of the solid material., Since Pb
is much more rapidly and strongly acsorbed-by inorganic ligands than is
Cd (Vuceta and Morgan 1978), it As 11ke1y that some "exchangeable" Pb
was actually adsorbed onto carbonatearich sediment particles and _
extracted in Fraction 2. Tessier et al. (1979) raised this very -
question with regard to theiriown:cesd]ts for exchangeable vs.
carbonace=bound mefaIs, suggestingﬂthatsche pH needed to be lowered to
5.0 in the procedure before some’metais;specifically adsorbed to
carbonate'(e,go, dolomite) particles w0u1d be released. In light of
this discussion, then, the "exchangeaBYe" concentrations and percentages
for Cd. probab]y reflect more accurate1y the amount of sorbed meta] than

dorche values for Pb at those sites where the exchangeable Cd

concentrations were high enough to méasure,
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Results tpr residual Cd a1so’ditfer;d from those obtained for Pb;
proportionaily, the residual fraction was- much more important for Cd in
ta111ngs and at Desloge (Fig. 11) Residual Cd concentrations averaged
19 ug/g (63%) in Desloge sediments, and 7.0 ug/g (47%) in tailings, but
fell to 0.7 ug/g (6%) at washington State,Park and 0.5 ug/g (7%) at
Brown's t:'ord‘(Fig° 11). Of the 15 uslg'dffference in total Cd
concentration between the tailings samp1e and the Desloge sediment
sample, 80% (12 ug/g) of the difference was accounted for in the

residual fraction. Residual Cd concentrations averaged only 0.04 ug/g

(1.6%) in Mineral Fork (Fig. 11) -—Residual Cd concentrations were

highest lﬂ the silt fraction at Desloge and in the clay fraction at
Brown's -Ford (Table 9b). C T . E
'_aResplts for the carbonate- and;dgideabound Cd fractions were more
like the results obtained for Pb.- Carponateebound Cd concentrations
were 4, 6;4 7 ug/g at Desloge and ;nftnzftailings sample, representing
16% and 31%, respectively, of the tota] Cd. At Washington State Park,

the carbonate=bound Cd concentration was higher--6 ug/g (55%); at g

Brown's Ford, 2.9 ug/g (44%); and in Mineral Fork, 0.5 ug/g (20%) (Fig.
11)9"Carbpnate=bound Cd concentratidns;Were highest in the silt ' ii
fraction at both Desioge and Brown's‘Ford (Table 9b).

Oxideabound Cd concentrations were _highest at Desloge (3.5 ug/g),

‘but only represented 12% of the total "‘erwise, the 1.0 ug/g : i
ox1de=bound Cd in the tailings samp1e represented only 7% (Fig. 11) As

reported for Pb, the relative 1mporgance-of the oxide-bound fraction was

greater downstream; at Hashingtbn:State Park, oxide-bound Cd accounted

for=16%:§f the total (1.7 ug/g),wand;athrown's Ford, 23% (1.5 ug/q)

(Firg'oi'l'l)° Together, the carbonate--and oxide-bound fractions




represented 27% of the total Cd at Desloge, 38% in tailings; 71.3% at
washington State Park; and 67% at Brown s Ford. In Mineral Fork, 7'
carbonate= and oxide-bound Cd concentrations were 0.5 ug/g and 1,2 ug/q,
respectjgeiy, and together accounted fgn 67% of the total. Highest
carbonate-bound Cd concentrations:occureed in the silt fraction at both
Desloge and Brown's Ford. Oxideébouno Cd levels were also highest in
the_siit fraction at both sites, butrot'Des]oge they were nearly as ‘high
in'the—ciey fraction; carbonate-bound. Co'concentrations were lowest for
clay- sized particles at Desloge (Tabie 9b)

» Organicaiiynbound Cd concentrations were low at all Big River
sites, reaching a high of only 1.1. ug/g at Desloge° At Hashington State
Park and-in Mineral Fork, the organic=Cd concentration was <0.4 ug/g,
andrat arown s Ford, 0.7 ug/g. Propontionally, organic Cd represented
<4% of the total at Desloge, in the'tailings sample, and at Washington
State nggg'and'llﬁ at Brown's’Ford,(?iégfll). Organic Cd |
concentrations were highest for clay-size particles at Brown's Ford and
for sand-size particles at Desloge (Table 9b).

‘ Aithough most Cd concentrations:inlsamples from the Black River
watershedAgene very low, some trends:eneroed that are worth notingo-
Total Cd concentrations averaged nioﬁetjwithin (0.62 ug/g) and
downstreem (0.37 ug/g) than above (O,OQJ{g/g) Clearwater Lake. Totai
Cd concentrations were highest forrsiifésize-particles within tne'lake,
but'Wereehighest by far in the ciay"frection downstream of the lake
(Tabie 9b) It was the residuai and oxide=bound fractions that
contained the measurable concentrations both within and downstream of
the 1ake (no fractions in the samples from upstream of Clearwater Lake

contained enough Cd to warrant discussion) Based on these features of




the daf;;j;hen, it appears that theim;bhanism-of solubilization.and
re=pfe¢ipitat10n with Fe and Mn hydkbusléiides postulated as an
explanation for the apparent increase iibe concentration within and
be]ow'diéafwater Lake may also descﬁibeathe_behavior of Cd in the Blaﬁk
River wateﬁshed, . “?7 7

Although the effects of diffeEing pafticle size distributions
between thé:samples from within the'1aké:znd downstream cannot be |
d1sc6hn£éd; the concentration coef%{c¥énts_for total Cd (Table 9b) show
that there is a marked difference in tﬁe!b@rticleesize associat1on-of,

the Cd befwéen these two sites. w1€iih‘the lake, the silt fraction

accountéd-for nearly all of the Cd, with_the Towest concentration in.

the clay;fféction; below the 1ake;;Q;fE§§le all of the Cd was in the -
c1ay'fraCtion,(Tab1e 9%). These resultst;upport the hypothesis of
sdlubiliéé;ibn and subsequent repréc1pi§d§Ton9 either directly as;CdC03
or as Cd*2 sorbed onto hydrous oxidzé'of'ﬁﬁ-and Fe. Concentrationsrihr
the downstream sediments were too low to differentiate conclusively o
between carbonate- and oxide=bound“fﬁéctiohs°

”Totai in concentrations in Big Rivé};sediments ranged from a low of
64.9 ﬁg)g,atzlronda1e, rose to a high'of 1658 ug/g at Desloge, then
declined w{th distance downstream to 764}19/9 at Washington State Park
and 4ésrqg/g at Brown's Ford (Fig;;iz)o Total Zn levels in Mineral Fork
sediﬁghts'were surprisingly h1gh;f370~#§/9f In the Black River
watershéd,‘total Zn ranged from Zlgié]g”upstream of Clearwater Lake to -

127 ug/g'within the lake and 115 g}/@“downstream (Fig. 12).

-Exam{ning the particle size'coeff{dfents for total Zn reveals that

concentrations were highest in the silt fraction at Irondale and

Desloge, .and in the clay fraction at,Brggﬁ's Ford and in the Black River
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both upstream and downstream of Clearwater Lake (Table 9c). Within the
lake, totai IZn concentrations were 1owest“for clay-size particles and a
about equa] for the silt and sand fractions. Total ZIn concentrations
were 1owest in the clay fraction within the lake and highest downstream,
as was described for Cd. Further examination of the particle-size |
coefficients reveals disagreement between the computed Zn distributions
usino_the’sum of the sequential frattions and the distribution osing the
conventionally=determined Qaiues for:totai“Zn (Table 9¢). For this
reasonéfand because of the apparent imprecision at high concentrations
of thE~sequentia1 extraction techniqoe?idiscussed earlier; Fig. 12),“
further 1nterpretation of the coefficients for individual In fractions
(Tabie 9c) should be done cautiousiy,';; o _

At the Big River sites upstream of Washington State Park (Desidge
and Irondaie), in the taiiings sampie, and at the three sttes in the-.
Biack River watershed, at 1east 56% of the In in the sediments was in
the residua] fraction, and there was aimost no exchangeable In (Fig. ,
9¢). - -At washington State Park, Brown s Ford and in the Mineral Fork,
carbonate= and oxide-bound Zn predominated (Fig. 9c). Organic Zn was
reiativeiy unimportant, accounting-for. 6. 5% of the total at Mineral
Fork, 5 7% at Brown's Ford, 5.4% in Clearwater Lake, 5.1% below |
Clearwater Lake, and <4% at the rest-of the sites (Fig. 12).

,hhen Cd and Zn concentrationsdinfthe lower Big River were examined
reiative to'concentrations at Desioge, as"was done previQusly for Pb
(Table 11), a similar, but nonetheiess different, pattern emerged. The
results resembled those for Pb in thatrfor both Cd and Zn, the residual

fraction decreased the most, and the‘ca?bonate and oxide-bound fractions

showed the. least change (carbonate;BOUnd and exchangeable Cd




Table 11. Concentrations of the five sequentia]lyaextracted Cd and Zn fractions in
sediments from Brown's Ford and washington State Park as proportions of

the concentrations at Desloge.

Residual

Metal . Fraction_ : and

Site Exchangeable Carbonate ~Oxides Organtc Residual Organic Total
cd o

Desloge 1.00 1.00 100 100  1.00 1,00  1.00
Washington B . i :

State Park “1.35 1.27 49 .36 .04 .05 .34
Brown's Ford .69 .61 43 .62 03 .06 .22
In

Desloge 1.00 1.00 1,00 1.00 1.00  1.00 1,00
Washington . .

State Park <42 .69 89 .52 .17 .19 «37
Brown's Ford .30 .34 .60 . .16 .18 26
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concentrations were actually highe;iatﬁwashington State Park than at
Desloge)'(Table 11). The biggest difterenoe among the three metals was
in the magn1tude of the decline 1n the ‘residual fraction, Residual Pb
at Brown' s Ford was 24% of the concentration at Desloge (Table 10); for
Zn, 1t_was 18%; and for Cd, only G%J(Table 11). Repeating the
"di]ut1on;eiercise“ performed eérlier-for Po, using residual Cd and Zn
concentrations in Mineral Fork as representative of the downstream '
"background" levels, residual Zn would have to be diluted by a factor of
about 5.7 and residual Cd by 617 (for Pb the residual dilution factor
was about 7.5) to account for these changes by dilution alone.
Furthermore, these results are”not changeq"appreciabiy if organic and -
residual fractions are combined, 1noicat1ng that the differences among |
the metelsvere not related to an 1neons;§ténéy in the extraction
procedure's-ability to differentiateithese two tightly-bound fractions.
The obgerved differences in the;retgtive residual concentrations of
Pb,_Cofand in are probably related:to:thfee closely-related propent1es
of the metals: sorption, solubi11ty,:and bioavailability. Pb, Cd, and
Zn co=occur ‘as metal sulfides in the old Lead Belt ores (USGS 1967), and
all three su1f1des are relatively 1nsolublea Pure galena (PbS) has a
solubi11ty of 0.86 mg/L (0.74 mg/L Pb), greenockite (Cds), 1.3 mg/L
(1.01 mg/L Cd); and sphalerite (Zn$),‘0;65 mg/L (0.44 mg/L Zn) in cold
water (Weast and Astle 1978). Based on these solubilities and the
relative abundance of the metai.suif}dés; one would expect dissolved
concentrot}ons of Cd>Pb>In. However, tne;oata show dissolved Zn>Pb>Cd
at all three Big River sites affecte&;by'Pb mine tailings (Table 4),

which.also corresponds to the abundance of the three metals in the

tailings. "A further explanation men;jie’fn‘the differential



solubilities of the oxidized forms of the three sulfide minerals. It -is ii
widely known that the surfaces of galena crysta1s oxidize rapidly to ' Ei
PbSO4 upon exposure to air, and that the material that is now tailings |
was mechanica]ly processed-=1.e., pu1verized and rolled to its present
texture in-the presence of air, then mechanically sorted (Kramer 1976).
Furthermorei Kramer (1976) presented evidence of bacterially-mediated |
oxidation of PbS, CdS, and InS withiniﬁhe'E1v1ns tailings pile on F1et
River Creek'ias'was also reported by*Ga1B;eifh et al. (1972) for
tai11ngs heaps in the Coure d'Alene m1n1ng district in Idaho. It is_
therefore. 11ke1y that much of what was- originally PbS, CdS, and ZnS is
now PbSO4, CdSO4 and InS04. The so]ub111ty of PbSO4 is still relatively
low=--42.5 mg/L in cold water==but for CdSO4 1t is 7.5 x 109 mg/L, and
InS04 1§1cqmp1ete1y soluble. Note that for the metal sulfate
splubiiities, Zn>Cd>Pb and that the ;orrelations between dissolved metal

concentﬁaﬁieﬁs and 504°2 concentrations iﬁ‘the Big River follow the same

order as these solubilities: For diseolved PB and 504°2, r=0.21; for

dissolved Cd and SO4-2, r=0.47; and fortdi§§o1ved Zn and S04-2, r=0.80 ii
(Table 5). s N
Rickdh&'and Nriagu (1978) describe a!meéhanism for the subaqueous ii

oxidation of-galena under alkaline cbneitfonsrthat is enhanced by the
presence -of Fe and Mn oxyhydroxides, which ebound in the Big River.

Under edhdjtYons typical of the Big,Rigefg’some solubilized Cd, Pb, and

Zn should:-be complexed by disso1vedréarbonates, and some should
eventua11§(brec1p1tate as CdCO3, PbC03,;qa ZnC03. Both phenomena-would li

account for the higher percentages of:carbohete=bound metals at

Washington State Park than at Desloge. :fﬁis process of carbonate -

precipi}ation, fbgetheﬁ with sorptioh:by'Fe and Mn hydrous oxides, ii
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appedr'to be the dominant geochemicai:pcocesses controlling Pb, Cd, and
in distnioution in the Big River. ‘Ailetnree metals may also be
complexed by other inorganic ligands, including phosphate and chloride,
that are oresent in the Big Rivero'VHowevec° these other species are

usuaiiy:unimportant compared to the;canoonate species and the sorbed.

metais ‘(e.g., VYuceta and Morgan 1978)

:Bioiogicai processes may alsorbevlmportant in the solubilization of
metals. In-addition to the bioiogicaiiy mediated oxidation of sulfides
discussed eariier, the abilities of many naturaiiyaoccurring and
synthetic ‘organic compounds to compiex Pb Cd and Zn are well known.7 
Wixson and,Boiter (1972) and Gale et-ai.;(l973) reported that the -
attached strean microfliora can remo;e significant quantities of metals
from the water of Ozark streams receiving mine effluents; likewise,
rooted aquatic plants can both extrdct some metals from the sediments
and sorb- metais from the liquid phase;*'However, the relatively Tow
dissoivedfmetais concentrations in fiiteFEd water samples and the
proportionately Tow representationiof organicaiiy=bound Pb, Cd, and
Zn in sediment samples suggest thataintecactions with the biota are ]ess
impoctant in the Big River than the}géochemicai mechanisms discusSed
earlier. Total organic carbon conCentcntions in Big River sediments
were feicly low, ranging from 0,4=9;gjmg/g~at Brown's Ford, 1.4-2.9 mg/g
at'washington State Park, 0°1=4°Q_mg/g5et Desloge, 0.9-6.8 mg/g at
Irondale, and 6.5-8,5 mg/g at Minerai%Fo?k’(Appendix B). In comparison,
Kemp and ;honas (1976) surveyed the sedinents of Lakes Ontario and Huron
and foond TOC concentrations in the renge of 2-4% (20-40 mg/g) in |
uncontaminated fine-grained sediments (mostiy silts and clays), with

concentrations as high as 6% (60 mg/g) where anthropogenic organic
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material nad,‘aocumulated° Likewise, Toth and Ott (1970) surveyed

impoundments in Pennsylvania and found_organic matter at 1.6-7.4% (16-74

mg/g)--considerably higher than in one—Big_and Black River systems. The
uniformlyﬂiow concentrations, even aa;far'downstream as Brown's Ford,
i]?ustrate fhe dominance of the Big:§1Ver,sed1ments by inorganic
materiaiaﬂfit is therefore not surprisjnﬁjthat organically=bound Pb,,Cd,
and Zn concentrations were also uniformlyl1owo |

In thgiB]ack River-Clearwater Lakeggystem, all the

sulfidééoriginating metals were higher in sediments within and below the

1ake than above (Table 12). Our resu1ts';eneral1y'agreed with the
earlier resilts of Gale et al. (1976), who reported sediment
concentrations near Clearwater Dam of up to 60 ug/g Pb, 84 ug/g Zn, 30
ug/g Cu, and 0.5 ug/g Cd. Organic,carbon concentrations in the '
Clearwater Lake system were within the range reported for the B1g River
system;;dt32=3 41 mg/g above the Iake. 5 2 6.0 mg/g within the 1ake, and
2.6=553hmg/g—below the lake. Althoogh sediment concentrations of total
Cd and tofaT:Zn were closely correlateda;}th organic carbon, total ﬁb
was not; totai Pb was higher below than within Clearwater Lake even
though'organio:carbon concentrationaiwere;nigher within the lake.
Although_1t is tempting to suggest tnaa'the apparent correlations
between organic carbon and total Zn and,total Cd indicate a biological
mechanism of enrichment for these meta]s, ‘the results of the sequential
extractions point towards other pathwayse For these metals, the
seasonal cycle of Fe and Mn ox1dat10n,§ﬁd”reduct1on appear responsible -
for most of the differences between 51teeei,Be1ow the lake, Pb and Mn
concentrations were both highest 1n;siﬁ$:fractfon; Zn, Cd, and Fe

concentrations were highest in the clay fraction. These slight
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Table 12. Coﬁtentrations of Pb, Cd, and,Zh in-sediments from Clearwater
Lake and from the Black River downstream of Clearwater Lake
relative to upstream concentration. .

ED D ED
1

Site Pb - Cd In
Upstream Clearwater Lake 1,00 1,00 1,00
Clearwater Lake 6,50 6.89 5,95
Downstream ClearQater Lake 6097:7 7 4.16 3.02
e
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even,among the three metals.

'Some of the observed "enhancement" of Pb, Cd, and Zn in sediments
withfn end below Clearwater Lake meyiceshit from the dissolution of more
soluble see%ment constituents dur{pg'epwéec stratification° Dissolut1on
of Fe~aﬁd Mn hydrous oxides and of.cerbcnates, and theipr subsequent
trenspdrt-downstream. would 1ncree§e‘the.ce1at1ve concentration of the
rema1nfn§g_1essasolub1e sediment conegicyents, such as the residual
metals. Likewise, scouring of fiﬁe;grained sediments by density
currents and their subsequent downstreeﬁ'transport which happens
per10d1ca11y at Clearwater Lake (w1xson and Bolter 1972), would also
affect the relative concentrations of -the meta1s because of the
differences 1n concentrations among the s1ze fractions. Hithin the 7
lake," the clay-sized particles had the- 1owest Pb, Zn and Cd
concent;atipns (Table 9a=c); loss of,these-1ow=concentration,

fine-grained sediments would tend to increase the total metals

concentrations in the remaining sedimehtsi“‘Likewise, the sediments in

the Black River system above Clearwater Lake are substantially coarser
than tﬁe?cediments within and below cﬁeiTaEe (Table 9f). Therefore;jr
some gf the observed differences 1Q:ﬁefals;concentcations are probably
an artifact of this textural inconsistency.

4~619ers cdiiecting sediments };ijeacwecer Lake reported thed
presence,of hydrogen sulfide (HZS)'upon;éicturbing the sediments. It is
therefﬁi?flike1y that some repreciciézfjch of metal sulfides occurs
within the anoxic lake sediments, es'suggested by Rickard and Nriagu

(1978).




Copper in sediments. Cu was the only metal other than Pb included

in the sediment study that originated in taillngs and was actually
higher in the tailings sample than 1n the sediment sample from Desloge
(Fig.,13)° As Fig. 13 illustrates,_total Cu declined from a high of 127
ug/gijn tha,tailings sample to 70 £§/g atiQesloge, 57 ug/g at Washington
State Park and 55 ug/g at Brown's Foravifcbncentrations were lower at
the Big River sites not affected byﬂ;ailings and in the Black River
v_vatershedigfig° 13). Although the actual Cu concentrations differed
when thé results from the traditioqa[ analyses for total Cu (Append1x B)
were exaﬁ;aed rather than the sum of thé,sequential fractions (F_ig° 13),
the treﬁdS“were_the same. In particgiari‘eurshowed the same pattéan of
enhancement in sediments of Clearwater Lake and in the Black River
downstream of the lake as that descajbéaifor Zn and Cd, with most of the
increase-occurring among clay-sized partiaies (Table 9d). |
A1th6ugh the results of the seaaeafial extraction procedure are
somewhat questionable for Cu, the high'beésentage of Cu in the residual
and organic fractions and low carbonate and oxide-bound percentages
differentiate this metal from all qahers‘stud1ed (Fig. 13). In
particulaE; a higher percentage of-CurQasiqbganica11y=bound at all
" sites. This means either that thé,pefdxide-ox1dation step in the
sequentiaiipfocedure attacked resfdual 6: to a greater extent than the -
residualffraction of other metals.haﬁ;fﬁat more Cu was in fact bound to
organic mastgra Cu is more readiiy‘thelatgd than the other metals
studiad (Vuteta and Morgan 1978), sa-{t'wouid not be surprising to find
that proportiona]iy more Cu was tied up 1n biological systems or

associated with organic coatings on- sediment particles (e.g., Forstner,




1981). Total Cu concentrations were highest in the silt fraction at

Brown's Ford and at Irondale, in the sand;ggéction in Clearwater Lake,

and in the clay fraction at the other'§{fésf(Table 9d).

Barfum in sediments. Total Ba concgn%rations were highest in the

sediments ‘at ‘Mineral Fork (2885 ug/o);"Brownfs'Ford (1397 ng/g), and
washingtoniétote Park (1159 wg/g) (Fig,,14)= Lowest concentrations
occurred in the tailings sample (50 ig7g) and in the Black River above

Clearwater Lake (91 ug/g). Concentrations w1th1n and below the lake

were. h1gher==344 Bg/g in lake sed1ments and 675 ug/g downstream (Fig.

14), - - _

Naturallyuoccurr1ng barite (BaSO4) 1s only slightly more soluble
than CdS==2 22 mg/L (1.8 mg/L Ba) (weast and Astle 1978). However, it
is more,soloble 4n acid, which suggests gnatfit could be solubilized
under reducing conditions. Results'ffbmfﬁnéfSequential extraction

procedure, although they must be 1nterpcéted cautiously, show that

residual Ba was the predominant form except within and below Clearwater

. Lake (Fig. 14). Ba concentrations in wager. however, were about the

same aboVE;‘below, and within the 1akc during all three collection

periods, ranging from 0.02 to 0.07 mg/L (Toble 9c), indicating that any

Ba so]dbilized from the sediments is répidly re-precipitated, possibly

as the 1nsolub1e BaC03, or sorbed onto- particu1ate material.

The sequent1a1 extraction procedure suggested little change in the

distribution of Ba in the lower Big River. (Fig. 14), Total Ba
concentrations appear to show quite c1ear1y the effects of sediment

distribution, in this case from the:opposite;direction. Pb=rich mine

93 | - .




tailings from the Desloge area, 1ow.1n;Ba content, appear to dilute the

Banrfch sediments originating in tpe‘downstream areas of the watershed.

Metals 1n the Aquatic Biota

Bioavailab111ty of heavy meta1s in the aquatic environment can be
inf]uenced by numerous variables including type of metal, length of
exposure, oxidation state, pH,. hardness _presence of organic compounds,
and other chemical and physical character1st1cs of the aquatic system.
Concentrations of metals in organisms are determlned by a variety of
factors 1nclud1ng food habits, morphology, and physiological differences
among organisms. Both biotic and goiottc factors must be considered in

evaluattnd heavy metal accumu]ationcinoine,biota.

Survey of Residue Levels in Aquat1c,Fiora and Fauna

Mecals in plants. Aquatic plan%s'supply an intermediate reservoir

through which trace metals from abiotic. sources can enter and be
retained w1th1n.bio1ogical systems.: They can influence the avai]abi]ity7
of metals by accumulation and by sorption from the water, and by
secreting substances that can complex or che1ate metals. For example,
Morris (1971) observed dramatic decreases fn dissolved Mn when the -
marine f1age11ate Phaeocystis b1oomeo 7and”Leland and McNurney (1974)
found e1evated Pb concentrations in algae col1ected near urban areas.
The abil1ty of algae to concentrate meta]s from the water has led to 1ts'
use in_remova] of metals from mining gndxsmelting effluents (Hassett et
1980; However, these authors -also snowed that algal species
diffeced 1n their ability to accumu1ate metais, suggesting that

differences were related to varying ce11 densities among specifes and to




age of a giren culture. Therefore, a degree of caution must be observed
when comparing metals concentrations 1n algae reported in the
11terature, i?:f*;*

Highest residues of Pb, Cd, Cuy and Zn were found in algae from the
Big River-locations affected by mine?tai}fngs (Desloge, washington,sgate
Park andwﬁrown‘s Ford). Levels of Pb ac;aealoge (1210 ug/g) were twice‘
as n%;h”as 1e§els at Washington StatefPark’(GZS 1g/g) and Brown's Ford
(660 ug/g). (Table 13). Lowest conCentracions of tnese four metals in
the-Bio'R{ver Basin occurred at Irondafe-and Mineral Fork. Levels in
the B1ack River Basin were also low, and there was no enhancement below
Clearwater Dam. Concentrations of- p5’ Co' Cu, and Zn in water willow
followed trends similar to algae with highest levels at Desloge,
washingcon:State Park, and Brown‘s‘Fordrand Towest Tevels at Ironda]e;,
Mineral” Fork and in the Black River Basin° Accumulations of these four
metals=were generally highest in che'roots_(Table 13).

Concentrations of Pb in roots, stems, and leaves of water willow
were highi}'1ntercorre1ated ql<0001) asfwere_residues in macrophyte
t1ssue§:”an'__<1*a'lgae° Correlations fonggo113vels among roots, stems, and
1eaye5'were also highly significanc (Tableg}}), but there was no
apparenf re1at10nsh1p between water>n{iEoW'and algae for this metal.

The observed interrelationships between metal concentrations in these
plants;may;be explained in terms of=pos$1b1e mechanisms for the
concentration of Pb and Cd. - ;;"‘=:;‘

vrawa}gaé, Pb and Cd are concentrateo;orimariiy on surface
adsorptive sites. Therefore, the deéreé'to which different algal .
species concentrate metals depends’ on the number of surficial cel]s

avai\ab1e for adsorption (Hassett et al, 1980) in higher p1ants,-Pb
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Table 13. Metals concentratons (ug/g, dry weight) in plants from the Big and Black Rivers. Algae,
means of three samples; water willow, one sample each of roots, stems, and leaves from
each location; and Ceratophyllum, one sample.

LOCATION
Species _ |
; tﬁssueﬁ o B Pb - Cd Cu - . In Ag R Fe L - Ba

" MINERAL FORK

d“ MatérAMﬂiﬂow

'

| Ritached Aﬂéae ‘ - 19.7 0.99 8.07 186.7 0.20 €100.0 - 1933.0 84.3

Water Hillow
roots 24.0 0.20 2.80 52.20 0.10 4300.0 440.0 400.0
stems 30.0 0.10 2.80 21.10 0.10 250.0 68.0 220.0
leaves 13.0 0.10 3.90 35.00 0.10 650.0 79.0 160.0

BROYN'S FORD
. Attached ARlgae 660.0 2.60 14.33 396.67 0.13 . 5133.0 2066.7 182.0
| : . : T i - ‘ L K

‘ A . ‘ | .
¢ R ; 3 R o S i

280.0 - 0.10 . 14000.0 : 2300.0 - 390.0°

o poots - S o - : ‘ ‘ ‘ 5
stems’ | ¢ ' 220.0 . 0.9 . 8,70 110.0° - 0.10  1200.0 : 1100.0  .210.0
leaves @ © ' 180.0 ' 0.78 - B8.40 110.0 . 0.10  1600.0 |, 720.0 " '140.0 °

WASHINGTON STATE PARK |

Attached Algae 623.3 3.27  16.67  310.0 0.16 5333.3  1666.7  122.0

Water Willow
roots 460.0 6.10 27.00  390.0 0.20  11000.0  2100.0  550.0
stems 290.0 2.00  14.00 80.0 0.10 1800.0  1100.0  220.0

leaves . 320.0 1.90 15.00  180.0 0.10 2500.0  1100.0  200.0
DESLOGE ' ’

Attached Algae - 1210.0 2,40 18,56  758.33  0.10 - 8200.0 - 2133.3 65.3

Hater Hillow | ' ‘

FGOLS 1400.0 21,00 18.00 600.00  0.40 8800.0  2100.0 82.0
stems 310.0 6.40 12.00  600.00  0.10 1700.0 770.0 52.0
leaves 250.0 4,90 . 11.00 590.00 0.10 2800.0 580.0 52.0
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ii Table 14, Product-moment correlation coefficients among metal concentrations
in algae and roots, stems, and leaves of water willow.

Pb o - In | -
Cd Roots .Stems Leaves Algae Cu” . ._| Roots Stems Leaves Algae

Roots | oo LB8%F 77 ,99%*  Rogts | ee  ,99%¥ ,QQws  g3ww
Stems | .99%* . .. ,98%% 05%%  Stems .| .87% o ,Q0%%  g¥e

Leaves | .99%* ,99%* .. .87%  Leaves | .87% .97 <o  ,93%%
Algae ,53“” - .54 .59 eo Algae | .52 .20 .18 oo

Fe | -. -~ - Ba
Mn Roots Stems Leaves Algae _ | Roots Stems Leaves Algae

Roots | <=~ ..28 .40  -,55  Roots. | -- .58 .45 . .35 .

Stems | .98%* o ,89%F .02  Stems | «- ce L04%2 .43
Leaves | .93%% ,97%% .. 14 Leaves | o= ce o= .46
A]gae .90'**3 ;-082ﬁ 074 = A] gaé e oo oo LY

%0,05 > p > 0,01
#0,00 > p




tends to be more concentrated in the roots than in the stems and leaves

(Wallace and Romney 1977) where the roots are in direct contact with
metal 1ons,jn the soil. In an aquatic sg§tem, emergent macrophytes such
as wateh‘w111§w are completely submeﬁged‘dqtjng high water eventé, thus
exposing the plant's surface to metals.in;tﬁe water. Therefore,
significant corrélations for Pb coﬁéentratiohs in plants (Table 14) may
indicate 1ntérre1ationships between dissbl}ed Pb and surficial
adsorptivg sites in both algae and Qa§§r~w11lowo When the plants were
collected, the dissolved Pb concentratibhwinrthe Big River at Desloge
(0.02 ﬁg}L)'was at least twice as higﬁ hﬁﬁthe concentrations at
Washington State Park (0.009 mg/L) and at Brown's Ford (0.005 mg/L).
This downstream decrease in dissolved Pb levels was reflected in an-
equivéleht reduction in Pb concentrations (Téble 13) in both algae and
water willow roots. Pb concentratidhs,fﬁ $tems and leaves were also
10wer»ddWﬁStream from Washington State Park, :but not as an apparent
function of dissolved Pb. However, neitner the duration nor the
frequenéy of'sfem and leaf exposure to dissolved Pb during high water
events has been evaluated. _ B

Although Cd is concentrated onrceli'surfaces in algae, it is not
readily adsﬁfbed onto the surfaces of roofed plants. Cd has been shown
to accumulate to a much greater degree than Pb through the roots and
become 1ncorporated into plant tissues (Reddy and Pateick 1977, Gambrell
et al. 1980). Lack of a significant—corrglation between Cd
concentrations in water willow and algae therefore suggests no
relationship between the Cd adsorbed on the algal surfaces and that
fncorporated fnto the water willow ;1§§de;r?Cd accumulation by water

willow probably occurs by uptake through,fng roots from the sediment




.

rather thanufrom the water. Highly signj%icant correlations (r>.99)

between:Cd in water willow roots,;§tgds, and leaves suggests a mechanism

of aTFeCt;Cd accumulation by the”ﬁTahtéanﬁ distribution throughout the
Hvi'ngfc;rganism° o ;f;' “““ e 7
Cu;.liké7Cd, accumulates in the rbofs,bf plants and is transported
throughfghk vascular tissue 1nto,tﬁe;§§§65‘and leaves. The correlation
matrix for Cu (Table 14) 1ndicatesnﬁignif1cant_(250001) positive
relationships among roots, stems, and-1g§v¢s, but no significant
corrélation between rooted plant f{%spés*and algae. Levels of Cu in
algae“decreased from Desloge to_wéshiégton'State Park to Brown's Ford.
Although highest concentrations i ﬁhé'Big-River Basin in both algae and
water willow occurred at these thhee“sifés; the small differences
betweenqébncentrations in plants ffpm:iﬁese locations and the even lower
concentrations at Irondale and Mih;ﬁallFock.are probably not
bio]ogically significant. Algae ané;wé@er willow collected below
Clearwater Lake and algae col]ectgd~fromzthe Black River upstream of —
ClearwaferrLake had concentrations-51m11gr to plants at Irondale. Water
willow col{écteq at the upstream §;te ﬁégfé:higher mean Cu concentration-'
thanra;é:samp]es from the Big Rivergf:Lf¥ 7 |
riAlthough highest concentrat16;§_o%’26-in algae and water willow
also occqrted at the three contaminated;p1g River sites, Zn behaved
differently from Pb, Cd, or Cu wiiﬁin_tne'water willow tissue. Zn was
uniformly distributed throughout the plant tissues; Pb, Cd, and Cu were
moré:highiy'concentrated in the rbégg'?Tébie 13). As a result, all
possible rela;ionships among rootsi‘stemS and leaves were highly

significant (p<.01) for Zn.
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Concentrations of Ag, Fe, Mn,?and Ba 1n the plants were not related
to the*pres;nce of mine tailings in't-herB'i-g'River° Ag was detectable in
the roots of water willow at Desloge and Washington State Park and 1n
the algae at Washington State Park, Mineral Fork, and Brown's Ford.
Highest concentrations of Fe, Mn, and_ Ba 1n algae occurred at Ironda]e.
In waten w111ow, highest mean concentrations of Fe occurred at Brown's
Ford with highest concentrations of Mn and Ba at Washington State Park.

Comparison of the Black River locations upstream and downstream of
C1earwater Lake revealed that Fe was s1ight1y higher and Ba was slightly
10werﬂ1nip1ants below C1earwateer§mfrryevels of Mn upstream of
Clearwaten Lage were lower than concentrations at any Big River
locaoionsl However, the Mn concenfnntions in algae below the reservoir

1ncreased by a factor of 48.4 and concentrations in water w111ow '

1ncreased by a factor of 21.7. The availabflity of Mn below Clearwater =

Laké;is strongly influenced by therpresenqe of the reservoir. A more
deta11édf]i§¢ussion of mechanisms roooonéfble for elevated
concentrations of Mn below the Take was presented in the water section.
The importance of these mechanisms in altering the availability of Mn to
the b101ogica1 system is unquestionableo...

In genera], metals in the Big River and Black River watersheds
tended to accumulate on surface adsorptive sites of algae. For waten '
willow, Pb was probably bound to 5urfaoe$;;w1th highest concentrations
in the;roots; Cd, Cu, and Fe ooncent}gged fn the roots but a substantial
portion nasrpassed into stem and'jéaftt{;;ue; and Zn was more or less
uniform1yidistr1buted throughout-the plant. The heavy metal toienance

exhibited by these plants may 1nvolgefspec1a11zed internal distributions
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) thatrbotentialiy toxic metals atgtdaposited on the cell wall and not
retained-within the interceiiuianfspaces;of the tissue. Regardless of
the ultimate location of the metal uitEin”the plant, metals bound by
plants will be further incorporatédlintq_the aquatic system. Higher
trophicjiéVei organisms will ingestktnc natais associated with piants,
eithéc-asfdetritus or as leaf andlstéﬁ‘mataciai, regardless of whether

the metals are sorbed or incorpoated. Plants can also have a tremendous

indirect impact on the availability of metais to other ecosystem |
components through modification of pH, reiease of organic agents, and

extraction of metals from highly stabie chelates.

Métais in crayfish. Crayfish,feedabn aquatic macrophytes and

detritus and can accumulate sediment bound toxicants. Knowlton (1981)
shcwed that a high percentage of total body Pb in crayfish is looseiy
bound to the exoskeleton and suggested ‘that the mechanisms for
concentration of Pb involved direct accumuiation from contaminated -

sediments°

In. the survey, Orconectes 1uteus was collected at every Big River

siteof Leveis of Pb and Cd were eievated at all locations affected by
mine taiiings, with highest concentrations at Desloge (140 ug/g) (Table
15). Lower levels of Pb at Irondaie (1 4ug/g) and Mineral Fork (2.7
ug/g) were comparable to levels in uncontaminated iaboratoryjraised
crayfish of the same genus from Knowlton s (1981) study. 0. gunctimanus
was on]y-found at one Big River site,zBrown s Ford, where residugs'inr
this spécies and 0. luteus were simiiaFi(Table 15). Concentrations of

Pb,in ctayfish increased with sedimantth—concentrations (Fig. 15).

Because the substrate is the primary-habitat of crayfish, this




Table 15. Metals concentrations (ug/g, dry weight) in crayfish from the Big and Black Rivers. Single
composite samples of 10-15 specimens each.

LOCATION . - O ! - D
- Species - c. 7 Pb - Cd - Cu In -+  Ag - | Fe ~ Mn - - Ba

MINERAL FORK
Orconectes luteus 2.7 0.04 61.0 93.0 0.60 190.0 200.0 700.0

BROKN'S FORD

Orconectes luteus 1100 1.3 140.6  120.0  0.70 430.0  480.0  560.0
Orconectes punctimanus o 84.0 1.6 190.0 120.0 0.58 580.0 260.0 590.0‘
k ms’ummri‘pm STATE PARK . SR Phad | e | T §
{ } ‘f” Orconectes ' luteus . ‘ ~i3o°q 2 "150.05 130.0 )'lp0°64“7;‘ /460.0  520.0 qnu,b W
" DESLOGE : :
Orconectes luteus , 140.0 1.5 9.0  200.0  0.78  1700.0  420.0  180.0
IRONDALE
Orconectes Juteus 1.4 0.42 95.0 87.0 0.73 220.0 380.0 440.0
UPSTREAH CLEARMATER LAKE
Orconectes punctimanus 1.2 0.39 94.0 95.0 0.70 200.0 110.0 230.0.
DOWNSTREAM CLEARMATER LAKE . | | E a | .
Orconectes punct imanus 17.0 0.8  130.0 95.0 0.76  330.0 520.0  285.0
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re1at16nshib may be a response to dihgét;édntact with the substrate as
well as to ingestion of contaminated particles of sand, detritus,
plantﬁgiahd other organic materia)p!:anand Fe concentrations in
crayfish were also highest at the_threéﬁjocations affected by mine
tailihgé;:’Cu and Mn concentrationsgﬁg}é highest at Washington State
Park and at Brown's Ford (Table 15). “Concentrations of Cu and Mn at
Desldgg_yére'sjmilar to concentratiggé;éﬁ7Ironda1e. Levels of Ag rahggd
from }58’u9/9-at Brown's Ford to .78 ug/g at Desloge with no differences
between céntrol sites and contaminated sites. Ba was highest at. -
Hashjngton State Park, Brown's Ford_and~M§6era1 Fork, where active
bariteem{niqg now occurs. At Brbwnlsrﬁd?gﬁ 0. punctimanus had slightly
1owef levels of Pb and Mn and highe%rconcentrations of Cd, Cu, Fe, and
Ba thanrg$ luteus. In concentrations,wégé>the same for both species;

In the Black River drainage, WéQéjé-pf Pb in crayfish (0.
EunctimanuS) collected upstream of”CTeafwatér Lake were similar to -
concentrations at Irondale. Crayfish downstream of the lake had Pb
levels 14 times higher than those colleégéd upstream. Levels of Cd, Cu,
Fe, Mn, and Ba also increased below xhéfreservoir. No change occurred
in In concehtratione The observed eﬁhaﬁcement of Pb in crayfish
col1ecféd_below the reservoir may re#ﬁ{tufrom the increased Pb leveis in
sediments downstream. The calculated enhancement factor of 14 must be
evaTu&ted;Qith caution because both~ub§§?eam and downstream
concentrations represent single coﬁﬁégite sémpies of 10 to 15 crayfish,
However,f%f {s realistic to assume thaéigpme enhancement did occur given
the habitat and food habits of the,cééyfish and the increased levels of

Pb in the. downstream sedimentsa“ L
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Metals in freshwater mussels. The sediment also provides habitat

for freshwater mussels. These organiégéigctive1y filter small-diameter
particulatermaterial from the watér and:haQe been shown to accumulate
heavy meta]; in both soft tissue and éﬁell. Because they are primarily
seééi[é organisms, they can 1ndicat§.cont;ﬁinant availability within a
ré]ativei&;iimited area, and becauseréfftheir longevity, indicate
averaée conditions over an extendédﬁperioda Within a species, smaller'
muéﬁeIs f;n& to accumulate metals”atrhﬁéﬁfr rates than larger mussels
(Boyden 1974) and concentrations 1Hitﬁe'50ft parts are often higher than
con@?ntations in the shell (Gbahqm 1972);

-rﬂbqkétbook mussels were colieéﬁéd‘étgall Big River Tocations except
Desloée, where an intensive search yielded none. Mussels were collected
approximg;g1y 6 mi upstream of Deslsgg%at.Leadwood, a site that is also
;oﬁtﬁqﬁhated~by Pb mine tai]inéﬁ:(?roﬁ:é;oﬁion of the Leadwood tatlings
pile);; Mussels -collected at-Leadwoéd,iﬁashington State Park, and ‘
Brown's Ford were of similar size 5nd‘ha&.e1evated levels of Pb, Cd, Cu,
and Zn:rejétive to uncontaminated”sitégh(Tab1e 16). Brown's Ford
muéﬁéls'had the highest mean Pb cbﬁgéntrations, with Jevels ranging from
31Qtto 490 ug/g in the soft tissuevah&:from 18 to 19 ug/g in the shell,
Pb>1eve]5'at Washington State PaFkuﬁére lower, ranging from 200 to 310
ug/g inifﬁe.soft tissue and frome“fd;égjxg/g in the shell. Mussels

collected at Leadwood had soft tissué:concentrations of 99 to 250 ug/g

and shell . concentrations of 4ezft6*t9wag/g. Lowest Pb concentrations
OCCurredrat Irondale and Mineral Fork}(Table 16). All mussels collected

at these two sites were smaller Eﬁaﬁ those collected at other Big River

_ locations, but because tissue Pb*concghtrations were 46 to 179 times

1oweﬁgfhan at contaminated sites,:gffects of size were not apparent.




N Table 16. Mean concentrations of metals-- (u g/g, dry weight) in the soft
- tissue and in the shells of freshwater mussels from Big River
and Black River locations. . ' i
Tissue B '_ o Co _ | E
. Location =~ . Pb Cd Cu - .. In Fe Mn Ba
. SHELL T . E
MINERAL FORK... 1,20 0,16 2, 70 8.00  49.5  115.0 - 480.0
" BROWN'S FORD 18.5 0.70 2.50 '35.50 88.5 385.0 335.0
‘ . ae- . - - Cee— .
WASHINGTON -~ R '
STATE PARK: "~ 15,0 0.30 4.20-- - 17.00 89.33 206.7 - 176.7
IRONDALE . 0,76 0,11 2,93~ 4,67 75,66  403,3  163.3
UPSTREAM - e ,
N CLEARNATERVLAKE 0.36 0.12 1‘35“;;,:5°50 125.0 195.0 ~ 84.5
DOWNSTREAM ™~ e

CLEARWATER LAKE‘ 0,75 0,09 1.77 - 8,67 97.0  1066.7  350.0

LEADWOOD. 11,6 0,51 410 61,40  140.0  250,0  130.0

SOFT TISSUE _

MINERAL FORK 3,75 2,50 8,90  410.0 2050.0  4600.0  175.0

BROWN'S FORDiTiV 386.67 32.67 °61,33,,_5956.7 1653.3 11366.7 193.3 il
WASHINGTON N
STATE PARK . . 245.00 19.67 54.83 1676 7 510.0  4066.0 320.0 N
IRONDALE 2.16  0.47 6.64#5! 218;0 968.0  3520.0  448.0 H!
- UPSTREAM - e ' 4
CLEARHATER LAKE  1.04 1,02 7,33 -..326.7 1200.0  8233.0 183.3
, DOWNSTREAM : é;f%"." '
> CLEARWATER LAKE’ . 8,35  0.61 §.05 '1100.0 3150.0 10950.0 1025.0

LEADWOOD . 174.50 35.50 28.50 5200.0 865.0 6950.0 460.0




Pb ieveis fn mussels from Brown’srtord and Washington State Park
did not appear directly related to totai sediment Pb concentrations. At
Brown's Ford, where sediment Pb concentrations were lower, mussel Pb |
concentrations were highest. Little difference was observed in the
distribdtion'of different chemical foﬁms in the active surficial .
sediment between Brown's Ford and washington State Park; however, the
particie size distribution of the bottom sediments differed. The mean
concentration of silt size materiai in bottom sediments at Brown's Ford
was approximately 19 times higher thanrat Washington State Park (Table
9f), and the multiple regression?coeftitiénts presented in Table 9a-
indicate that most of the sediment Pb fs associated with the silt
fractionOA Availability of this smailer particuiate material would .
greatiy'infiuence the accumuiation of metais in freshwater musseis°

Silt concentrations did not vary as dramaticaliy in water sampies° The

concentration of silt in unfiitered water samples collected at low and

medium fiow from Brown's Ford was oniy siightiy higher than at
Washington State Park, and at high;fiofrthe silt concentration at

Washington State Park exceeded the concentration at Brown's Ford.

Estimation of the actual Pb ieveis-in:the'microhabitat of a freshwater
mussei“wouid require understandino the*effects of tailings input from
!E barite mining operations, the diiutionfo? Pbocontaminated si1t particles

by reiatively less contaminated particies from Big River tributaries

such as Minerai Fork, and the possibie mobiiization and incorporation. of

Pb into the biological system. Totai sediment metal concentrations

L alone cannot accurately reflect the availability of metals to all’
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organisms in a river such as the Big Rivet Qhere physical, chemical; and
biological changes oceur between upstgean:ano downstream Jocations.,
Computationwot'total metal transport in iﬁé’f1vér, especially bedload
transport,. m1ght provide the best indication of metal availability in
the mussel‘s .microenvi ronment. i:_

Concentrations of Cd, Cu, and Zn 1n musse]s followed the same
pattern as Pb concentrations, highest levels in mussels did not occur in
locations with highest total sediment concentrationso As was true for |
Pb, highest Cu, Cd, and Zn levels occurred 1n mussels from Brown's Ford
and 1owest¢concentrations were at Irondale and-Minecal Fork. Ba was
highest at Irondale and was therefore not reiated to barite mining. Mn

concentrations were ljkewise not related to levels in water or in

sedlment Mn ‘concentrations in musse1s were ‘high at every location. -
* In the Black River Basin, mean soft tjssue and shell Pb . Ei

concentratTons—were nigher in musse]éccoTTected below Clearwater Lake -

than above (Tab]e 16). Tissue concentration§ ranged from 0.37 to 1. 6
ng/g upstream and from 3.8 to 4.9 ug/g downstream of the reservoir° Zn

concentrations in the soft tissue were 3 times higher at the downstream

g
g
A

Iocation,E:Cd and Cu concentrations wefeielightiy lower below the dam.

Difference5f1n Fe concentrations were more apparent, with values

upstream-of'the lake ranging from 3100 t9;320° Hg/g and downstream ' Ef
values of 1000 to 1500 v g/g. Mean Mn'COncentratfons above and below the =
resePVOir:nere not significantly different (p>0.05); however, Ba . 13
concentcatibns were approximately 6;tanS htoher at the downstream <
Tocation; ur, ' “;==;fi' .
L b

) ‘ &
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Metals in fish. Highest Pb, Cd, in,aﬁp, and Ba concentrations in

edible fiéh tissue occurred in flatheaﬁ“ﬁatfish (Pylodictis olivaris)

from Nashxngton State Park (Table 17) Tﬁis specimen's Pb concentration
(12,0 ug/g) was over 12 times higher than any other fish sample
colleCted. This 25 yroold fish w457a]§p considerably older and larger
than’any;ether catfish collected° *Beceese this was the only catfish

from. Nashfngton State Park, size and age relationships with

concentration could not be evaluated. LMean Pb concentrations in edible'

portiqns_of catfish at other Big R1yer'10cations ranged from lows of -
0006.ug/g et Irondale to a high ef‘O;Zéjig/g at Brown's Ford.
Concentfet{ons in catfish from Des{eg§'and4M1nera1 Fork were 1dent{ca1
(0. 13ug/g) -

With the exception of the one 1arge ‘catfish at Washington State
Park Pb concentrations in fish from the Big River were highest in
redhorse suckers at all locations- affected by mine tailings (Tab]e 17)
Concenﬁrat1ons decreased from De§loge to Washington State Park but were
higher -downstream at Brown's Fdrdee»A}J redhorse suckers at Brownfé

Ford, Washington State Park and.DeS1oge exceeded the World Health

_ 0rgéﬂ1zation standard (0.3 ng/q) Tor:alfowable Pb levels in tissue for

human consumption° Significantl&g?OWer levels occurred in redherse
suckers from Irondale and Mineral Forkol<ﬁoncentrations in suckers from
thisrstudy agreed closely with'leveIS'reported for suckers co]lected at
Ironda1e, Desloge and washington State Park by the Missouri Department
of COnservation (Czarneski 1980).

Elevated Pb levels were present in. smallmouth bass collected at
HashinétthState Park, Brown's Ford and Mineral Fork (Table 17).

Concehf?ations in bass from Desiege were hot higher than levels in bass




Table 17. Metals concentrations {ug/g, wet weight) in edible portions of fish from the Big and Black
‘ Rivers. Means of two samples (individual fish) unless otherwise indicated.

b B
| .

. .-leocatien o . L S (Y S S L A
© o specles . pb Cde 7 Ce o Zne o Fee s aMe 00 Ba

Mineral Fork

Smalimouth bass 0.19 0.01 0.42 13.97 12.15 0.63 1.75
Yellow bullhead 0.13 0.02 0.51 5.67 6.27 0.38 1.61
Redhorse sucker 0.08 0.01 - 0.22 13.42 3.00 0.64 1.81
Brown’s Ford
Smallmouth bass 0.21 0.01 0.32 4,50 4.87 0.29 0.62
Flathead catfish 0.29 0.02 0.66 12.24 8.44 0.26 0.18
¢ Redhorse sucker - 0.63 . 0.01 . 0,22 11.67 . 2,65 0.97 1.03
| /¢ : Washington State .=~ & ¢ | P U T S L S P e
oo Park e o T o T e - P S B S S
L Smalimouth bass | ©o 0,27 7 001 0 ¢ 00260 1 0 :9.49 1 5,14 :0.46 ¢ " .0.68
: Flathead catfish? B 2.0 = ©  0.34  0.69 23,00 fl0,0Q‘ Cob 14,90 - - 3,20
Redhorse suckgr 0.43 0.0 °~ 0.2 - - [ 938 | 275 10,73 . . 0.60
Mixed suckers 0.38 - - - - - -
Desloge
Smalimouth bass 0.05 0.01 0.32 11.73 3.90 0.13 0.04
Channel catfish 0.13 0.03 0.43 5.12 2.52 0.18 0.03
Redhorse sucker 0.57 0.03 0.28 16.15 2.81 0.36 0.16
Mixed suckers 0.79 - ‘- - - - -
. Irondale . _
‘ SmalImouth bass , 0.01 ¢ <0,01 - 0.27 13.28 3.90 0.23 - 0.15
. ¢ Flathead catfish - 6.06 - 0.06 0.4 - . 6,75 8.26 . . 0.57 0.13
‘ ' Redhorse‘suckgr‘" 0.02 - 0,01 - 0.33 C9.32 . 316 0.52 0.50
Mixed suckersec - 0.07 - - - ' - b - -

, ) o om > [T 4] L4 /L] 7 g (4] ) K




Table 17 (cont‘d)

Black River, |
upstream

'Smal Imouth bass

Channel catfish
Redhorse sucker

Black River,

downstream
Spotted bass
Channel catfish
Redhorse sucker

- Leadwood
. Northern .

" hogsuckerd
, A
) :7 ]:

Cd

0.01
0.01
€0.01

0.01
0.01
0.01

4.36
3.90
3.77

0.03
0.04
0.21

lEdible portions were boneless sampleé of tissue and skfn (wﬁtnéut scales) for all species ékcept'catfish.
Catfish tissue was analyzed without skin.

2ixed suckers Include northern hogsuckers and redhorse suckers. Mean concentrations are calculated from
10 samples of edible portions prepared and analyzed by the Missour{ Department of Conservation.

30nﬂy northern hogsuckers were available at this site.

4concentration is based on 1 tissue sample.
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higher Tevels than smallmouth bass.

from Irgﬁda1e. Generally, in 1ocat16h§'affected by mine tailings, Pb

residues .in suckers were higher than residues in catfish, which had

‘Lead- Tevels in all species collected at Irondale were low (€0.07

ug/q) reiétive to other Big River siteg,”but levels in individual

species did not vary consistentli_with sediment concentrations. This
1nconsis£aﬁcyrcould be related totseveriT’factors. First, accumulation
of Pb by a species can vary with resource utilization differences among

the popu]at‘lonse For example, suckersrare bottom-dwelling fish that may

1ngest detr1tus and sediments aloqg;ﬁjthrbenthic invertebrates, but are

-also 1n frequent physical contact with ﬁhe sediments. Whelan (MS, in

preparaffon) has detected from'220b7£§“7700 ug/g Pb associated with
detritus from Big River locations affeetediby mine tailings as compared
to 21,f0;22'u9/9 at Irondale. 'Ingeeffﬁﬁ*of detritus, coupled with
surfaee<adsorption of Pb onto tﬁemucus-eﬁd skin of the fish could:
accoune for some of the high Pb Ievef;'in redhorse suckers. Higher
concentrations of Pb were found in suckers and in mussels at Brown's.
Ford than at Washington State Park; gegiment concentrations were higher
at Washington State Park. This.jm§]1es ﬁhat measurement of total
sediment Rﬁ may not accurately refie;£}ghe availability of metals to
organjsms directly associated wiﬁhA?ﬁe'sedimentawater interface.

‘Hifr ihe exception of the large %{éthead catfish from washiegton
State,ﬁérk..Pb concentrations in:eengEh-increased from Desloge to
Brown's Ford. Pb concentrations were also higher in smallmouth bass,
whichzreﬁresent the highest trophfc'leyel collected in the surrey, at
dowh_&ireamfocationso However, frbﬁ the»survey data it 1s impossible to

interpret the elevated concentrat4on$iof Pb in fish collected from the

W e
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Mineral ?ork. Because only bass in M1neral Fork had Pb concentrations
comparable to the levels detected 1n the downstream section of the Big
River, eleveted levels in fish from~M1neca1 Fork may be related to fish
mobilkcy; the.Minera1 Fork coIieccfon”site may have been too close to
therBingfner to be considered a,cOnc;oi site for fish collection.;fv
Howeven.'the higher than expectedtnegéj§~le§els in Mineral Fork

sediments cannot be discounted. o

Cd concentrations were extreme1y 1ow or below detection thresholds
in a11 edible portion fish samples except for the large flathead catfish
from washington State Park, Concentrations of Cu, Zn, Fe, and Mn did
not vary directly with location 1n the B1g River., Ba was highest at

Nashington State Park, Brown's Ford, and Minera] Fork, where active

barite mining occurs.

In tne Black River Basin, Pb Cd Cu. Zn, Mn, and Ba concentrations
“in fish col1ected upstream and downstream of Clearwater Lake were
simi]ar°, Leve1s of Fe were consistently Tower below the reservoir 1n
all species, _‘7 )
Because edible portions may 1nclude metal-contaminated skin and
mucus ano may also be contam1nated docing tissue preparation, an effort
nasAnade to process a clean sample of muscie from each fish. Pb
concentrécions in these cleanoprocec;Ed;samples were consistent]yklower
than concentrations in edible portions of smallmouth bass and catfish
from- Mineral Fork, Brown's Ford and Nashington State Park, and in |
catfish from Desloge (Table 18). . C1ean processing did not reduce Pb
1evels 1n those edible portions with 1ow Pb concentrations. Levels of

'Pb 1n clean-processed redhorse suckers were higher from all 1ocations

affected by mine tatlings. Because extreme care had been taken during




© park

Table 18. Metals concentrations (ug/g, wet weight) in clean-processed fish tissues from the Big and
Black Rivers. Means of two samples (imdividual fish) unless otherwise indicated.

Lbcdtﬂbnf R A ‘- ‘ S T S S
* Specles = - S Pb Cd o Cuy 0 . In v, Fe v Mn. - - | Ba

Mineral Fork ‘ ' ‘
Smal Imouth bass 0.09 <0.01 0.20 4,33 6.71 0.34 0.82

Channel catfish 0.04 0.01 0,31 4,14 2.70 0.23 0.26
Redhorse sucker 0.09 <0.01 0.21 6.49 2.10 0.63 1.26
Longear sunfishl 0.02 <0,01 0.29 4,59 - 0.11
Brown'’s Ford
Smallmeuth bass 0.03 <0.01 0.13 3.30 1.50 0.12 0.01
Flathead catfish 0.06 - 0.01 0.17 4.32 0.92 0.28 0.04
Redhorse sucker 0.85 10.01 0.17 . 5,09 . 1.00 1.35 . 0.90
Longear sunfﬂsplw ;0.2 . 0.03 - p.27. © 6,33 0 - o - 0T 0,10 =
T .ﬂ‘ A R E L ’:‘ N I i “m‘.'
WBShif,ngtlon;“ State . 0 w0 oo N 1 ' ri oo I;‘ ;‘J 1 q:,‘l B
smallmouth bass 0.06 <0:01 0.17 ¥ '4.05 1.84 0.18 © 0.10 ‘
Redhorse sucker 0.24 0.01 0.18 © 4,01 2.83 0.42 0.23
Longear sunfishl 0.20 0.02 0.25 5.63 - - 0.06
Desloge
Smal Imouth bass - 0,07 <0.01 0.15 5,80 1.40 0.11 0.01
Yellow bullihead 0.08 .03 0.56 4.70 2.13 0.19 0.01
Redhorse sucker 0.52 0.01 0.16 10.46 0.69 0.38 0.13
Longear sunfishl 0.44 0.02 0.17 6.51 - - 0.05
Irondale ' o
Smallmouth bass . 0.06 <0.01 0,22 . 4,06 1.89 0.13 0.02
Yellow bullhead ©0.06 0.05  0.28 3.83  3.85 . 0.60 0.11
Redhorse sucker. - 0.02 <0.01 0.26 .~ 4.37 1.20 1.36 0.37 -
Longear sunfishl 0.03 <0.01 0.27 5,24 - - 6.1

TPy Py TR TR R o) Y FY W OB aEE O




Table 18 (cbnt‘d)
‘ Pb cd . Cu in . Fe ‘ Mn Ba
.. "Black River, | | ‘, ‘f‘ ' | | _' . n
4 - i upstream - . . [ . o0 S T T S H A S
f - Smallimouth bass == - 0.01 <0.01 . 0.18. ¢ . -4.3¢ 0 1.9 ¢ - 0,08 - - 0.01
‘ ' Channel catfish - 0.05 . 0.0 0.400 . - 6.05 3,72 - 0.22 0.02
Redhorse sucker 0.03 - <0.01 0.17 5.55 2.02 1.80 0.24
Longear sunfishl 0.05 <0.01 0.42 6.13 - - 0.14
Black River,
downstream
Spotted bass 0.02 0.01 0.21 5.70 1.42 0.12 0.06
Channel catfish 0.02 <0.01 0,13 4.18 1.65 0.38 0.02
Redhorse sunfish 0.01 <0.01 " 0.18 §4.24 2.28 1.01 0.07
. Longear sunfishl 0.02 <0.01 0.31 5.40 - - 0.05
g S R R Lo Do o Co L X p -
R liean concentrations in Tongear sunfish are based ?n'tﬁssué samples of 9 to 28 fish., . H : e
.. " ' ) ;‘K A E ) A o _i j‘f‘ ‘ ; | R B SR e ; '1\"NI‘- \i; Sy
‘ S A T S i L SO DA SO SR (O PR
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samslebrepafation to exclude smai!‘bones,from sucker tissue, the
presence-of high Pb levels in both eh1b1e"port10ns and cleanuprocessed
samples suggests that suckers may accumu]ate a larger percentage of Pb
in muscle tissue than either bass or catfish Only cleanaprocessed.rr
tissuesuwere'prepared for sunfish,fpgt atﬁDesloge Pb levels in these
sunfish»essseded concentrations fﬁ;ed{SLé port1ons of smallmouth bass.
Pb concénsfations in sunfish from Washington State Park and Brown's Ford
were comparable to smallmouth bassffssmrékese Tocations (Table 17).

*ij;nd Cd levels in whole f1sh:g§fejhighest tn al spec1es from
1oc5£36ns affected by mine tailing?g(Tab1§ 19). Residues in these
species 1nc1ude not only the Tevels 1n the fish tissue but any metal
fngested by the fish 1mmediately before col‘lection° Residues tn the
whole body reflect the concentrations. of ‘metals to which higher trophic
1evels (piscivores) would be exposgd. but does not indicate the

avsjlability of - the metals to thése'=predqtors°

Blood Enzyme Assay

The activity of the enzyme ALA«D 1s depressed by the presence of Pb
in the blood (Hodson 1976). In humans,,ALAan activity is so sensitive
that 1t .is used to detect a harmful,éxposure to Pb before toxic symptoms
apheafi(Secchi et al. 1974). Hddsoh (1977) found that the minimum
concentration of Pb in the water‘thagjﬁduid cause enzyme inhibition in
ra{dbowftrout was 10 ug/1 (ppb) and that éhe recovery of enzyme activity
upgn‘exposdre to clean water toOk'aééésximately 2 months. Measureﬁéht
of ALA-D activity has, under 1a;8fa£bry conditions, provided a

shE}teterm‘ind1cation of 1ongatéFm.asub1etha1 effects of Pb in fish.
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. Big River and Black River. -~ =

Site _ ;7'€' : R

ii Table 19. Mean metals concentrations ﬁsg/g wet weight) in whole fish from the
i Species Pb Cd " Cu In Fe Mn - Ba

Mineral Fork '

58 49 9 46

Smallmouth bass 1.6 .07 - 3.3 7
Channel catfish 6.4 34 - 1.8 62 70 18 13
i Redhorse. sucker 5.5 .28. 2373 64 160 110 - 30
Brown'sAﬁdrd'urn | '”'*a;;;, -
Smallmouth bass 15.0 30- 4.7 66 80 14 4
Flathead catfish 12.0 .55. 4.0 64 112 . 49 38
Redhorse sucker 30.0 92 73,2 88 183 63 - 40
Washington State Park -
smalimouth bass 10.0 . .27 3.7 70 700 12 27
Channel catfish 12,0 .57 " ---5.8 , 69 97 23 16
Redhorse. sucker 52.0 056 - 2.5 80 258 66 37
Desloge ﬂ_' _
smallmouth bass 10.0 65 . 2.1 74 74 9. 11
Channel -catfish 24,0 .99 . 2.0 142 80 29 16
Redhorse sucker 44.0 1.25 1.4 173 75 48 11
- Irondale - o ST
!! smallmouth bass 5.0 16 3.2 79 78 14 13
“ Flathead catfish 4.0 41 4.8 62 130 21 14
. B Redhorse sucker 1.0 .06 1.9 70 348 104 . 20
Upstream, Blaqk River B
ii Smal Imouth>bass 1.3 .10 - 4,3 63 150 11° 25
P Flathead catfish 2.2 .19 7.2 62 88 18 15
. Redhorse sucker o7 +10- . 1.5 68 115 53 13
DownstréSE::Bléck River Ai;‘** _ o
Smallmouth bass 1.1 €07 - 3.0 76 89 14 16
Channel catfish 18.0 .70 2.8 71 135 34 26
Redhorse sucker 5 13 1.9

68 157 163 13
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An attempt to utilize this technfdde;with longear sunfish under
fieldiednditions was impaired by éheﬁsﬁ31l volume of blood that could be
col1éétedcfnnm the specimens. Of‘theyiqiffish collected from 7
1oéatinn;1'nnly 54 samples had theiQdfﬁme of blood required to perform
both the:ALA-D assay and the blood=Pb;anaiysisg Sample size ranged from
4 fish aﬁ:washington State Park and:MfiEral Fork to 9 at Brown's Ford,
10 ;E b3§loge, 12 at Irondale, 9 above Clearwater Lake and 6 below the
lake." A log=1og transformation of ALA D and blood=Pb plotted in Fige 16
showslthe wide scatter of individua1 data points., Location means (Fig.
16) 1nd1cate an obvious difference in fish collected from the Black
River and the Big River, as well as a negative relationship between
bloodon and ALA=D among the Big River s1tes. However, there was a low
correlation between blood-Pb and muscie Pb and between muscle-Pb and
ALA=D,' Because of unexplainable IOWalevels of ALA=D in fish from the
Black R{Qer‘locations, these samp1eséﬁere-de1eted from consideration and
att;ntidn;was focused on Big R‘Iveffoéatj_onso Analysis of variance of
sunfishifrdm the Big River followed by Duncan's mulitiple range test
1nd1cated that ALA=D activity and b1ood Pb concentrations at Mineral
Fork: and Ironda1e were s1gn1f1cant1y diffefent from sunfish at Brown's
Ford and Desloge (p<0.05). Becauserof high sample varfance and small
sample eize Washington State Pérk wee not significantly different from
either control or contaminated sitese For sunfish in the Big River, the
multiple.regression model that exp1a4ned’the highest percentage of
the varfation (80%) in the ALA-D.vs. blood=Pb relationship consisted of
lsryariables, many of which were_notfbidiogically meaningful.
f-A:second effort to test theenléfﬁ procedure under field conditions

was attempted with redhorse sucgens,~a species that facilitated"
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Figure 16. Log-log plot of the relationship between ALA-D activity and blood Pb concentration in longear sunfish
from Brown's Ford (B), Washington State Park (W), Desloge (D), Irondale (I), Mineral Fork (M), upstream

of Clearwater Lake (K), and downstream of Clearwater Lake (C),

Large letters = location means.
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collection;of large volumes of blood. Fish were collected at Ironda]e,
Leadwood, Washington State Park and Deslogear Tissue concentrations are
listed in Tabie 17 as "mixed suckers,{ A product-moment correlation
matrix indicated that blood-<Pb concentrations ‘were highly correlated
with both ALAaD activity (F=-0.93) and_ALAaDcactivity expressed per mg

of DNA (r==.97). Correlations with muscieitiSSue Pb concentrations

were againiooor (r=,26), Within 1ocetion“samp1e variance for suckers |
was lower thenvfor sunfish and a decﬁeaseiih ALA-D activity with an
increase;in blood-Pb Tevels was obser;;a!iFig, 17). Mean ALA-D actidity
and biooobe concentrations at Irondele wereVSignificantiy diffecent
from aiiriocaiions affected by mine taiiingé. Among the contaminatedt'
sites,. the mean blood-Pb concentration Was- significantly higher at
Desloge - than at Washington State Parkrano Leadwood

U51ng a ‘stepwise regression ana]ysisgfthe reiationship Y =1, 134'=
1.832 1oglox1 + 0.057 logjgxp + 0.625 10910x3 = 0.796 logjgxs where Y =
ALA<D; x1 = wet weight blood-Pb (mg/L); x2 = (wet weight blood-Pb)2;

X3 = wet’ weight Zn (mg/L); and x4 = hemogiobin (mg/mL) proved to be the

best model, accounting for 82% of the variabiiityc The intercept and

all regression coefficients were high]y significant (p<0.01).

A variabie for blood-Zn concentration was included because of the

known enhancement of ALA-D activity by-Zn.' Pb inhibits ALA-D activity;

Zn, however, is a required metal forzeccivation of the enzyme (Fineili
1977). Zn+2 -and Pb*2 compete for the 'same binding sites in the blood
and, therefore, the activity of ALA-D depends not only on the blood- Pb
Tevel but also on the concentcation and availabiiity of Zn, The

positive response for the Zn coefficient, ‘with a negative quadratic

responseiioh'Pb, supports this hypotheiis¢ .
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Flgure 17.

log:(blood‘Pb)

Log—-log plot of the relétionship betweeh ALA-D activity and blood Pb concentration i1n several species
of suckers from the Big River at Desloge (2), Washington State Park (9), Leadwood (7) and Irondale (3).
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Thé-ré1atianship between blood- PB‘“b]boa;Zn and ALA-D activity
might be further improved by slight alteration in the time of field
co]]ection° At the time of co]]ection, suckers were reproductively
active and because of increased mobility, the samples may have 1nc1uded
fish from poor]y defined areas of the river. Collection at a different
time of yeac,gould therefore better de]qua?erthe range of stream
samplied. 'And, if possible, only one;spaaiesushbuld be used. Although
an effort was_made to collect b1ood’from,aaj§_black or golden redhorse
suckers,fnoﬁthern hogsuckers were use& to supplement sample size at most
locations and were the only suckef:sbécies-aVajlable at Leadwood.
Deletion af>}695uckers from the datasset_afd‘not improve the
relatidnshfp; In fact, variation amahé taa:nbﬁthern hogsuckers at
LeadwbodA(F{g, 17) was extremely 1owa'1Maah'concentrations of Pb forilo
fish 1ﬁ.the?mixed-sucker sample (Tab1a~l7)iwere similar to survey Teveis
for redhorsa suckers, with high concenﬁraﬁions at Desloge and low
concentrations at lrondale. And, aéféhe piot of ALA-D vs. blood-Pb
(Fig. 17) indicated, the points represent1ng the Leadwood hogsuckers
("7") do;not deviate markedly from ;hgugyeral1 relationship.

The overall significance of the*obsegy@d ALA=-D response cannot be
overstated;i Analysis of env1ronmentaiisamp1es for Pb residues,
especia}ly fish samples, is notorious1y d;%f1cult; contaminat1on duriag
colleétion{ storage, handling, and sampjé;preparation are extremely
difficult to avoid (Patterson andbSéttie,a1976), and there is a high
degree of:szmpie=to«samp1e variability Eaﬁsed by the {nhomogeneous
distribution of Pb among the tissues of - the fish (Phillips and Russo

1978) As such the possibility of contamination and Type-II

1nterpret1ve ‘errors s always present when only residue data are
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available for evaluation. The blood- study results remove some of this

uncertainty from the survey of res;pnes in fish. Blood samples were
~ drawn'With sterile, heparinized Eyringes-from the caudal artery of.
1nd1v1dual fish; placed immediately 1nto sterile, heparinized vials; -

sea]ed and quickly frozen until ana]yzed° There was little opportunity

for contamination, and the clearly=def1ned dose-response relationship

)

It

woulqrnot have been observed had@;gchfcontamination occurred; the
vafiabi]fty would have been far greaggfrthan <20% unexplained vanfnnce
in théuresponse for suckers, espeﬁiéTTy;cdnsidering that this rather
nasthy conducted field study 1nc1uded ‘three species collected at the

worst possible time of year.

-
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ﬂ:gpfaie of Metals by Caged Muséeig'f

" The question of metal bioavajﬁability was addressed further in the

A

mussel exposure studies conducted during October 1980 and again in July
19815'decketbook mussels for'bnth stunies, all about the same size,,
were cdliected from the Bourbeugé—§i9éF;énd had relatively low metal
concentrations compared to 1eve1s 1n mussels from affected reaches of
the Big River (Table 16). MetaJSﬁcongentrations (ug/g) in the soft
tissues of Bourbeuse River mussels were Pb, <0.1 to 1.5; Cd, <0.20; Zn,
£900; Cu, <7.7; Fe <4400; Mn, eeooézéogp; and Ba, 80-720,

Between the 2-wk and 4-wk nn]féption perfods in the October 1980
éxnosure study, water temperature’aévnnl'Big River sites dropped below
12°.C and continued to decrease to a 1ow of 2° C by the end of the
stunye Feed1ng by mussels decreases dramatica11y below 12 °C, thus
eliminatjng metal accumu1ation.A;Samples were collected through

DeEember,~but metal analyses reyéalgdvno—increases in metal levels after
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the first 2-wk period. The highest Pb level detected was 11 wg/g at
Desloge;—-Mthels at Brown's Ford accumﬁiited‘B ug/g. No accumulation

occurred at ‘Irondale, at Clearwater Lake, or at either Black River

location. - o 7

The study was attempted again 1n August 1981 earlier initiation
was prevented by repeated high water- events from May through July.
Results of this second study are presented in Fig° 18,

Transportation of mussels from the Bourbeuse River to new
Tocations apparent1y had no 1nh1b1tory ‘effects on feeding activity.
After 2 weeks in the Big River, Pb concen{ratwons in mussels at Desloge
had 1ncrea§ed by a factor of 143, at,Hashington State Park by a factor
of 109,,35& at Brown's Ford by a factor-of 77. Cd concentrations also
1ncreaseeieubstant1a11y at all Big Rirerfiécat1ons affected by mine
tailings. 'Concentretions.of both heﬁbls»COntinued to increase for the
duration or”the study (Figure 18). —Theibjghest mean Pb concentration
attatned after an 8-wk exposure was 121 ug}giat Desloge. Final mean
concentratiops at Washington State Parklgpd_Brown's Ford were 85 ug/g
and 44'u'g/'g,'respect1vely° Cd reache§ a mean concentration of 22.2 ug/g
at De{loge; 14,1 ug/g at Washington Stage,bark, and 5.0 ug/g at Brown's
Ford. For'every 2-wk exposure period¥ﬁ¢oncentrations of Pb and Cd at
Desloge were higher than levels atrwashingtpn State Park, which were
higher thehiconcentrations at Brown's Ford. No increases fn Pb or Cd
occurréd“’&t.lronda]eo R frl;f*:iz“

Aithngh mussels at Broen's Fond?qrd’washington State Park for
both fhe“5urvey and exposure studyrwere;of_similar size, no Pb or Cd
conCentrations in the exposure studypeffeither Tocation were as high as

concentrations found in the survey.}ﬁd“musseIS were found at Desloge for
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Uptake of metals (mean concentrations, ug/g) by mussels exposed for
.eight weeks at four Big River locations
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comparisdn) Because levels from the survey represent an equilibrium
concentration for resident mussels o%#e given size, mussels from the
exposure study may have attained similar -concentrations with longer
exposure;::kﬁihough mussels held at DestEE'had highest concentratfons
after Qgéeeks,;eesults from the surseg‘suggest that Pb concentrations in
soft t1ssues'af Brown's Ford would, .efsegieeeTonged exposure, exceed:fhei
Tevels at Desloge, possibly indicating a greater degree of Pb
availabi]ity.t Concentrations of other metals indicated no general
trends withrtime of exposure. -

Unlike Pb and Cd, Cu is an essentiei,eeMponent of respiratory
pigment in the circulatory system of;hgése]s, Although some increase in
Cu occurred et Brown's Ford and Desfoge,re;ssels held at Washington
State Park and at Irondale showed no. changea In increases were highest
at the 1ocations affected by mine tailings but no pattern re]ated to
length of -exposure or to distance downstream was evident. Fe, Mn, anq
Ba also,yé?ied considerably and seemee tO:fejiow no pattern with : |
locations - H{gn sample-to-sample variabﬁfiti precluded further
1nterpretat1on of the results for Zn9 Fe, ‘Ma and Ba.

In the Black River Basin, Pb and Cd leveis were highest in mussels
held belowéClearwater Lake (Fig, 19)s7_Pb levels here reached a mean of .
3.5 ug/g, which is only slightly less teen the concentrations measured
in survey mussels (Table 16). Based on the Bourbeuse River mussel mean
Pb concentration of 0.12 ug/g. Pb 1n mussels below the reservoir

increased by a factor of 29. Cd-concentrations also increased; levels

were,sjjghtly higher than those detected in the survey, but appeared to

plateau-wfgg no significant change bet&géﬁ“ﬁeek 6 (0.78 ug/g) and week 8

(0.74,g§/g)o No increases occurredffﬁ_either Pb or Cd upstream of
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u Clearwater Lake., This response is not unexpected given levels of Pb and
’ Cd in watre}j and sediments at this 1oé5t‘i-onn,__chumu]ations downstream
are 1mportan€:;i they reflect an 1ncrea$é {r\\jfavailable metals in
3 hyponnibﬁ‘iE_‘. release waters, -
- B [~




SUMMARY AND CONCLUSIONS

Thisiézsért represents an 1ntermed{3€§ step in the study of trace =
metal dynamlcs in the Big and B1ack River watersheds° Some phases of
the 1nvestlgation have not yet been. completed the estimation of total
sedwmentrtransport in the Big River, and deta11ed evaluation of the-
sequential,extract1on results relative. to metal uptake rates by mussefs
will s;.fdrthcomingp Despite these 11m1tat1ons and the many obvious
Shortcomings of the data base, the 1nvestigation to date has yielded
valuable 1nsight into the distribution and bioavailability of meta1s
from 0Td Lead Belt tailings in the Big Rjygr° |

There should be no further queﬁfjpﬁ'as to whether or not metals
from fa?lings eventually find their way {htq_the aquatic bicta in -
reaches;dQQHEtream.of the former Pb?ﬁ{higg*areae Elevated residues of
Pb,.Cdrénd<Zn were found in every bjdlogiéai form examined--algae, 7
rooted piﬁﬁtég crayfish, mussels and fisﬁ:"Fu?thermore, results of this
survey;éqr?obocate the findings of ﬁﬁe'ﬁisgsuri Department of
ConserVat;6n==Pb residues in edible b&f{;dﬁs of some fish from affected
reaches dffthe Big River present1ywé§ceed récommended levels for human
consumption. Even though Pb contaminat%éq‘of fish during collection and
procesgiﬁélmay occur, the resultsioff;ﬁé“clean room preparation study
and the‘doseeresponse relationship'dbse;ved 1n the ALA-D vs. b1ood=Pg
investigation indicate that the Pb measured in Big River fish is not an
artifact of collection and preparation procedures° Clean-processed fish

from affected area had detectab?e>Pb;gggcentrations; ALA-D inhibition by

blood-Pb could be predicted with éqﬁrac;urécy in suckers from the Big _
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River;:and.neither of these measurements should have been influenced by

external. contamination.
After documenting the distribution of trace metals in the Big River
watershed the “investigation sought -to 1dent1fy mechanisms that would
explain théir distribution and estimate=their bioavilability.
Examination of historica1 records and the co]lection of water quality
informat1on'under different flow conditions confirmed earlier
suspicions most of the metals derived from Pb mine tailings are
transported in the solid phase, and concentrations (as well as mass) in
the suspended Toad increase with f]ow° Althodgh the analyses are not
comp1ete, these results highlight the 1mportance of o
infrequent1y=occurr1ngD highoflow events 1n ‘the movement of solidaphase
metals. Liquidophase transport cannot be disc0unted dissolved metals
concentrations also increase with f1ow and must be included in
cons1deration of mass transport. However, of the metals studied, oniy"
Ba appears ‘to be transported in the 11qu1d phase to any extent, and only
Mn approached Missour{ standards for drinking water in filtered samples°
However, in unfiltered samples from affected sites on the Big River,
residueSJot most metals exceeded drinktngiwater standards at high flow.
Theisequential extraction andhcagedlmusse1 studies sought to
determine the'relative availability of neta1s to the biota at affected
and unaffected sites. These 1nvestd§atfohs-revea1ed that surprisingly
Tittle Pb remains in residual (unavai1ahfe)'form, even in tailings, and
that a]thopgh proportionally more Cd#than’Pb is unavajlabie in tatiings,
it too is rendered avaflable as a result,oi,interaction with the aquatic

environment. This was somewhat unexpected; conventional wisdom would

assume,the'metal sulfides to remafntjnSoluble under the hfghlyabuffered,
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a]kalihe,rékidizing environment tyﬁikéT of fhe_Big River, Seveba}
mechadismsééere postulated for the phehé%260n,'the most plausible of r
which’ center on the abilities of many const1tuents in the Big River to
form stable comp]exes with the metals and the high concentrations of
solid=phasg materia] capable of adsorption° The data suggest that the
formaf{bn‘of inso]uble metal carbonqtes~:;&&adsorption by dolomite
partitles and'hydrous oxides of Fe aﬁﬂjﬁn'may be the most important of
these mechanismse Organica11y=bound meta1s were relatively un1mportant
in Big" River ‘sediments, which was also. unexpected. B
:Invgsfigations of Clearwater Lg}e'revealed relatively low 1eve15=of
most metals. Sediment concentrationsrwigq1nrand downstream of the lake
were gené%a]ly higher than concentraﬁths;1n the Black River upstream.
Seveéal*mecﬁénisms were postulated to-éiﬁié}n this phenomenon. The host
plausibiéfof these includes: (1) dif???éhces in the particle-size |
composition of the sediments at the' three sites, (2) selective -
dissolution and downstream export of certain saediment constftuents, and
(3) the dissolution and reaprecipitation of Pb, Cd, and Zn in the
annual«cycle of Fe and Mn oxidation/nqdqction. Some reoprecipitation of
the metals within the sediments Eérsilf1des also may occur, but metals
in the %u}f1c1a1 lake sediments are,§§§5§b]y solubilized when carbbnates
are.disgdived and hydrous oxides 6? Mn and Fe are reduced during summer

stratification. R f
rw1fhrrespect to the proposed:jhbdﬁndment of the lower reaches of
the B8ig River, there {s no reasohzﬁotsiéégct that 1imnological
conditioﬁ$ in such a reservoir wou}d befappreciabe different than
presént’éonditions in Clearwater Lake.. .The proposed reservoir wou1d,

certain]&wstratify, and reducing,congjﬁipns would prevail for an
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extended perfod every year. Resuits*o?;the sequentiai extraction scudy
suggest that mosf of the Pb and~Co.preSEnt-in sediments of the lower Big
River==the exchangeable, carbonateobound _and oxide=bound
fractions~=cou1d be so1ubi1ized unoer such conditions° Leland et al,
(1973), commenting on oxide<bound trace metals in Lake Michigan, -
conc1udeo that "Such alternating conditions of reduction and ox1oation
rasult 1n the release and resorption ofﬁtrace metals from hydrous oxide
surfaces and may lead to a dynamic cyc1e of some trace elements in lake
envjronnents, Likewise, Forstnen,(1981),conc1uded that under,reoucing
cono1tions, Fe and Mn hydrous oxidesénay represent significant sources

of dissolved metals.

~ The sediments of an 1mpoundméntﬁonithe lower reaches of the Big

RiverchQId undoubtedly sequester.stgnificant quantities of trace metals
(even Clearwater Lake sediments éhow?an enhancement'of Pb, Cd, Zn and Cu
relat1ve to ‘upstream concentrations) Rickard and Nriagu (1978)
describe "...unidirectional flow of Pb- 1nto the aerobic sediments.”
However, the seasonal cyclie of ox1dation and reduction in the anerobic
environment, with concomitant mixing and distribution of B

eeprecipitated fine=part1culate metals, would probably result in 7
h1gher concentrations of sediment- bound. and hence, bio)ogica11y=bound
metals than presently occur in the Big River. Considering that residues
in the Big River biota, espec1a11y 1n fisn are already unacceptably
high any further increase in metals 1e;els would only serve to
exacerbate an already marginal env1ronmenta1 situation.

_The study revealed re1at1ye]y_11tt1e about the behavior of Ba

obiginating in the barite miningﬁdiegnict except that it is widely

disoersed in the Tower Big Riverfnatershed; that it is transported in
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bothrllquld and solid phases; and thatelt;does not accumulate to any
great_dephee in the biota. Concentpatlons in filtered water samples
from:Clearwater Lake were about'the”same as concentrations upstream and
downstream, desplte some apparent enhancement in lake sediments. 7
Concentrations in filtered water samplesefrom the Tower Big River were
about 50% of ‘the present drlnking water standard the behavior of Ba
under reduclng conditions should therefore be evaluated more thoroughly°
71 In the short time span of thls-lnvestigation, it was not reasonable
to conslder'all possibilities with.FE§EEGt to the geochemistry of Pb.
The approach selected==espec1ally the sequential extraction
proceduree-was the one deemed to- provide the most useful 1nformat10n in
the shortest period of time. Even the_orlg1nators of the procedure
employed (Tessier et al. 1979), along w1th other authorities (e. ge,
Rickard ‘and Nriagu 1978), recognige ‘the obvlous shortcomings of sueh an
operational, non-theoretical approach9;'lhe aqueous chemistry of the
metals;ln’the real-world env1nonmeht‘ts~fap too complex to deal with in
such a slmpllstlc9 one-time exerclsetiifuture studies, {f contemplated,
shou[grtherefore focus on more detalled; thermodynamic investigations of
the relationships among the metals andrthe many possible complexiné,
chelating, and adsorptive mechan1sms that may be involved, and on more
accurately quantifying solidaphase flux rates. Even without these

reflnements, however, the studies completed to date have shown that

under present conditions, the metals 1nwﬁb mine tailings represent an

avallable'source of potentially toxlé}matenial to the downstream aquatic
envlr;onment° These metals can-lnxno way be considered benign or
permanently sequestered in their~present state. They are actlvely '

transported by the river and are accumulated by the biota.




As aﬂf36a1 consideration, Kramer,(LS?Ej, citing a report by Parsons %

(1947),:}gb6rted that Pb mining activities in the 01d Lead Belt produced

some 227'm111ion MT of tailings. Much o%lihis material probably remains

in the Big River watershed. Any proposed developments within the

watershed--public works projects, major—sﬁffts in land-use patterns, and

ameliorative actions included--must therefore be evaluated in terms of -

their potential effects on the distributioﬁignd availability of the

significantrquantities of toxic metals pFéSent in these tailings.
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Appendix A. Dissolved (D) and total (T) metals concentrations and

- ' concentrations of -other water constituents (all in mg/L)
in water samples from sites on the Big and Black Rivers and
from Clearwater Lake. -
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59 'APR 81 CHFRL - ' 0.005 0.005 0.00L ©0.001 0.01 0.01 0.005 0.005 0.037 0.0340 ©0.001 ©.001 - - 0.0120 0.038
60 MAY 81 CNFRtL -  0.005 0.005 0.001 0.001 0.02 0.01 0.005 0.005 0.025 0.0260 0.001 0.0601 - - ©.0180 0.120
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56 0.0085 §.007 .7 123 120 253 177 1 1 1 3 12 2 0.11 0.01 0.05 0.0l 0.01 0 63.68 36.32 31.0 25.0
59 ©€.0040 06.007 .5 125 146 287 162 4 3 2 & 21 4 0.19 0.01 0.01 0.05 0.01 O 84.75 15.25 22.0 16.7
60 0.0300 0.015 .0 65 98 163 111 9 1 13 2 14 12 0.18 0.01 0.02 0.05 0.01 0 86.91 13.09 24.5 14.7
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61 JUL 80 CHFRL 200 0.005 0.005 0.001 ©0.001 0.01 ©0.01 0.005 0.005 0.0705 0.068 0.001 0.001 - =~ 0.0145
62 APR 81 CNFRL 1040 0.005 0.005 0.001 0.00¥ 0.01 0.01 0.005 ©.005 0.0370 0.038 0.001 0.001 - - 0.0100
63 HAY 81 CMFRL 160 8.005 ©.005 0.00L 0.001 0.01 0.01 0.005 0.005 ©.0270 0.029 0.001 0.001 - - 0.0500
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"6 0.105 0.207 0.27¢ 7.6 7.4 120 122 236 145 6 2 3 3 12 2 0.06 0.01 0.05 0.0z 0.0L 0 82.22 17.76 3% 26.0
62 0.032 0.008 0.032 8.5 7.7 113 138 270 156 3 2 0 5 26 6 0.29 0.01 '0.61 0.02 0.01 6 50.93 49.07 18 14.9
63 0.120 0.007 0.032 8.8 8.0 72 91 186 10l 4 1 2 2 14 6 0.31 0.01 0.06 0.02 0.01 0 B1.77 18.23 22 15.0
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J© 52 JUL 80 CNFRL 45.3 0.0195 0.041 0.002 0.004 0.313 0.359 0.005 0.005 8.1465 0.137 0.001 0.001 - - 0.0165 0.09, [

0.0420 06.42
0.0450 0.63

53 APR 81 CHFRL 298.0 - 0.0110 0.085 0.001 0.001 0.040 0.110 0.005 0.005 9.0900 0.09% 0.00%1 0.00) -
‘56 MAY 81 CNFRL 932.0 ©.0120 ©.116 0.002 0.004 0.100 0.160 0.005 §0.006 0.0650 ©.071 0.001 0.001 -
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52 0.070 ©6.078 8.7 8.3 202 336 65k 45¢ &% 3 1 9 14¢ 2 0.81 0.02 0.09 0.06 0.03 0.00 97.08 2.92 27.5 25.0
53 ©6.026 0.077 6.4 7.7 133 170 329 199 8 3 5 3 306, 16 0.77 0.02 0.03 0.04 0.01 0.00 63.12 36.88 19.0 18.0
54 0.05¢ 0.120 8.8 7.6 95 126 245 147 31 7 12 2 26 15 0.80 0.01 0.08 0.07 0.02 18.76 55.60 25.64 21.0 14.4
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55 JUL 80 CHFRL 7.1 0.005 0.005 ©0.002 O0.00X 0.0F1 0.0 O0.005 ©.005 0.153 0.154 0.001 0.001 - - 0.018
56 APR 81 CHNFRL 160.0 0.005 0.005 0,001 0.00F 0.0F¥ 0.0 0.005 0.005 0.075 0.078 0.001 0.001 - - 0.022
57 NAY 81 CHFRL 300.0 0.005 0.005 ©.001 0.002 0.0 0©0.01 ©.005 0.005 0.059 0.066 0.001 0.001 - - 0.028
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55 0.318 0.023 0.115 5.8 7.8 196 210 381 225 10 2 ¢ 3 16 3 0.12 0.01 0.02 0.02 0.01 0 72.01 27.99 26.0 25.2 i .
56 0.260 0.025 0.068 9.1 7.6 12} 142 260 158 5 2 3 2 18 10 0.28 0.01 0.0L 0.05 0.01 0 87.09 12.91 17.0 17.0 ¢
57 0.230 0.018 0.065 6.6 7.7 100 12% 245 141 11 5 4 2 17 8 6.77 0.01 0.01 0.04 0.01 0 65.02 34.98 14.5 13.6
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66 JUL 80 CHFRL - BOTTOM 0.005 0.005 0.001 '0.001 '0.01 0.01 0.005 0.005 .0.069 0.073 0.001 0.001 - =~ 0.130
65 JUL 80 CHFRL - 5-H 0.005 0.005 0.601 0.001 0.01 0.0} 0.005 0.005 0.052 0.050 0.001 0.001 - - 0.022 ; !
66 JUL 80 CHFRL - SURFACE 0.005 0.005 ©.001 0.00X ©0.01 0.01 0.005 0.005 ©.052 0.049 0.001 0.00 - - 0.023
67 APR 81 CHFRL -~ 5-1 0.005 0.005 ©.001 0.001 6.0} 0.01 0.005 0.005 0.035 0.037 0.001 0.001 - - 0.018
68 APR 81 CNFRL - SURFACE 0.005 0.005 0.001 0.00 0.0F 0.03 0.005 0.005 0.036 0.037 0.001 0.001 - -~ 0.832
69 HAY 81 CHFRL - BOTTCH 0.005 0.005 0.001 ©0.001 0.01 0.0l 0.005 0.005 0.023 0.629 0.001 0.001 - ~ 0.020
70 HAY 81 CNFRL - 10-H 6.005 0.005 0.001 0.001 0.01 O0.01 0.005 0.005 0.02¢ 0.028 ©.001 0.001 - - 0.070
71 HAY 81 CHFRL - 5-H 0.005 0.005 0.00% 0.001 0.01 0.0 0.005 0.005 0.030 0.030 0.00F 0.001 - -~ 8.020
72 MAY 81 CNFRL =~ SURFACE 0.005 0.005 0.001 0.001 0.01 0.01 0.005 0©.005 0.030 0.031 0.001 0.00L - ~ 0.010
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. 66 0.450 ,1.680. 1.730 0.2 7.4 120 136 242 146 26 5 2 3 12 '3 /0.05 0.0i 0.16 0.02° 001 - -- - < 29%0°18l1 -
' 65 :0.037 ' 0.006 0.013 6.7 6.2 120 121 229" 140 (3 ‘2 ;1 3 13 3 -°0.01/0.01 0.01 0.02 0.0L -/ .- . ;-  29.0 25.4
66 0.020 0.005 0.013 8.0 8.5 11¢ 122 2286 138 1-°1%°1 3 12° 2’ 0.01°0.01 -0.01 0.01 0.01 0 1.05 98.95 29.0 27.4 e
-'67. 0.180 '0.005 0.030 8.4 7.7 117 148 275 15 3 2 24 22 6 0.25° 0.01 0.01 0.02 0.01 - -, - ' 20.0 16.7 . ! -
68 0.078 0.002 0.012 6.3 . 8.0 127 142 280 153 3 3 1 & 19 5 0.16 0.01 0.01 0.02 0.0} 0 0.97 99.03 20.0 18.5 Lo ‘
69 0.270 0.011 0.042 7.8 7.1 56 70 143 91 7 1 9 2 14 11 0.19 0.01 0.01 0.07 0.01 - - - 25.5 13.9
76 0.320 0.0068 0.051 7.6 7.2 66 97 109 9 2 1 7 2 13 11 0.19 0.01 0.02 0.04 0.01 - - - 25.5 14.3
7L 0.100 0.004 0.018 7.8 7.5 96 114 227 329 1 1 3 & 17 9.0.16 0.0l ©0.01 0.02 0.01 - -~ - 25.5 15.9
72 0.110 ©.006 0.001 8.7 7.6 98 116 23¢ 130 1 1 3 3 18 5 0.16 0.0L 0.01 0.02 0.01 © 2.00 98.00 25.5 20.8
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Metals concentrations 1n sequentially-extracted sediment
fractions (ug/g, dry weight), particle size distributions
for irdividual samples-(%), and total organic carbon (TOC)
concentrations (mg/g, dry weight). The following suffixes
fdentify the fractions: E, exchangeable; C, carbonate-
bounds- OX, oxide-=bound; .0, bound to organic matter; and
R, residual. T- prefixes indicate metals concentrations
(total) determined by conventional acid digestion and AA
analyggs of separate sample aliquots.
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SEQUENTIAL EXTRACTION OF SEDINENTS
0B3 0T DESCRP [PCTSAND PCTSILT PFCTCLAY TOC PBE PBC PBOX PBO PBR TPFB CDE CDC CBOX CDO ChR TCD 2ZNE @
1 MIN FORK RIFFLE 66.085¢ 206.2877 13.6269 6.53 4 a7 86 30 38.4 200 0.4 0.6 0.9 0.¢ 0.02 1.60 0.4
2 WMIN FORIX POOL 90.4875% 7.3438 2.3687 8.46 4 . 149 111 42 42.5 330 0.4 0.4 1.5 0.4 0.06 0.8¢ 0.4
-3 DRN'S FD RIFFLE 87.7358 7.8871 4.3771 1.66 4 508 87% 105 140.0 900 2.7 4.9 1.7 1.4 0.70 7.50 9.6
"4 BRN'S FD RIFFLE 95.8835 2.9500: 1.1665 0.41 4 215 376 - 50 42.¢ 630 1.4 1.4 8.6 0.4 0.50 3.30 5.4
'S5 BRN'S FD ' RIFFLE 90.7609 4.16l¢, 35.0778 2.52 & 143 197 23 %%.6 | 420 0.6. 0.6 0.4 8.4 0.02 2.90 3.6 '
. &. BRN'S FO PODL 72.4328 23.0532 4.5140 5.43 15 1261 770 83 105.2 1800 0.6 4.2 1%7 6.5 .0.02 ‘5.60 , 6.2
' 7 BRN'S FD POOL 4©9.9588 36.6011 13.4401 9.16 =17 129 926 - B89 . 150.7 2200, 0.7 %.2 2.4 0.5 .10.82 17.20 : 5.6 .
& BRN'S FD POOL 4%2.6295 38.0557 19.3146 9.04 34 2332 1486 105 ° 176.0 3900 0.6 4.7 3.3 1.2 1.20 9.30. 7.3 . K
9 DESLOGE RIFFLE 92.1700  4.2725 3.557% 3.98 19 ‘1023 1178 115 404.8 2800 1.9 1.0 6.4 1.0 ' 4.41 16.00 16.9
10 DESLOGE RIFFLE 94.2663 3.5604 2.1733 3.57 11 1509 1166 132 142,92 290¢ 3.1 9.0 4.4 1.0 27.30 57.00 35.7
11 DESLOGE RIFFLE 92.6555 3.3197 6.0246 5.13 20 144 994 60 101.5 2800 2.3 4.3 5.5 1.1 7.25% R21.08 27.7
12 DESLOGE FOOL 90.8200 ©.0577 ©€.1223 0.05 13 525 569 81 565.6 1600 1.0 5.6 2.1 0.8 27.22 4%.00 16.2
13 DESLGSE FOOL 99.5512 0.2078 ©.2¢)¢ O0.12 25 616 618 117 1215.0 22060 ©0.8 5.8 2.2 1.0 &4%.70 56.00 17.8
14 DESLGGE FOOL 99.2413 0.4637 ©.2950 0.19 24 652 580 138 836.8 2100 0.6 5.9 2.2 2.0 35.00 4%7.00 15.0
15 IRONDALE RIFFLE 95.6703 3.5158 0.8139 2.14% 4 % 16 4 18.0 33 0.4 0.4 6.4 0.4 0.02 ©.20 0.4
16 TIRONDALE RIFFLE 96.2937 2.7327 0.9736 2.16 & &% 23 7 17.1 56 0.4 0.4 0.4 0.4 0.02 ©.190 0.%
17 IRCHDALE RIFFLE 97.3109 1.8017 ©.8876¢ 0.886 L) % 25 4 11.3 29 0.4 0.4 0.4 0.4 0.02 0.09 6.4
16 IRCNDALE ROOL 84.8637 12.6041 B.5522 6.00 4 (-3 3¢ 10 l10.7 53 0.4 0.4 6.4 0.4 0.02 0.20 0.%
19 IRCHDALE POOL 94.3333 6.9116 0.755% 5.08 % 7 23 7 8.3 3% 0.4 0.4 6.4 0.4 6.02 J.10 0.4
20 IRCNDALE fPOOL 89.8758 8.8199 1.3042 6.77 4 7 19 7 8.1 32 0.4 0.4 0.4 0.4 0.02 06.20 0.4
2l BiK R UP RIFFLE 98.5915 0.9317 0.4768 1.24% % 4 4 4 3.9 ¢ 0.4 6.4 0.4 0.4 ©0.02 ¢©.09 0.4
22 BLK R UP RIFFLE 99.0805 0.3429 ° 08.5765 ©0.32 & % S G . %.2 16 0.6 0.4 €.&4 0.4 06.02 0.0 0.4%
.23 BIK R UP. RIFFLE 99.105% 0.4249 0.4696 0.77 4 & & 4 3. 160 0.¢ 0.4 6.¢° 0.4 0.02 0.09 0.4
26 BLK R UP - POOL - 97.6873 1.4068 0.9059 0.83 ] e & & .3 200 0.4 0.4 0.4 0.4 0.02 0.09 8.4 | o
25, BIK R.UP POOL . 96.5091 ©0.5644, 0.9265 3.1 &4 | & ;5 o6 D 3,9, 12 0.4, e.4 ‘0.4 0.4 0.0z 0.09 0.4 . oo #
ool . o S SF L . T Do ' o O . o ! R ‘ ‘ IR : : | o g
083 ZNC ZnOX ZNO' ZNR  TZW CUE CUC CUDX ' CUD .CUR TCU BAE BAC  BAOX BA?”'BAR ‘TBA  FER TFEJ MR TN, #“"‘ S " ;
S ‘ S ' N IS . __— Yoo ! R ‘ Ao Lo ! 0
1 72.12 1356.0 22.0 120 360 0.4 0.4 0.5 5.1 16.8 29 326.0 283.0 89.6 61.9 2400 3700 13600 15000 1 79. 660 R
2 60.% 149.0 26.¢ 157 200 0.4 0.4 0.4 6.3 19.0 15 222.0 310.0 97.7 52.7 2231 1500 15702 11000 91 270
3 196.0 228.0 4.1 330 490 6.4 2.9 2.6 12.5 19.8 33 88.0 83.1 92.5 34.0 1653 1200 1983%¢ 14000 107 1200
4 74.4 125.0 286.9 149 220 0.4 1.7 2.4 .5 7.5 10 50.8 30.0 66.3 24.8 89F 460 13699 7100 &5 430
5 40.1 84.0 6.7 46 4%0 0.4 0.91.%5 2.0 0.2 21 28.9 38.7 2.5 27.9 1228 3400 5848 9200 36 600
6 192.0 217.0 22.2 145 ¢20 0.4 0.8 1.0 19.1 36.2 %8 62.6 67.86 85.7 29.2 1184 2900 14474 14000 92 1200
7 166.0 217.0 25.2 3171 520 0.4 0.5 1.0 20.9 37.7 51 75.3 66.8 67.5 23.1 1164 1800 15068 12000 109 1300
8 196.0,266.0 58.6 200 660 0.9 0.4 1.2 39.0 &3i.6 76 130.0 76.7 69.9 27.7 1040 1600 16000 21000 104 1500
9 409.0 396.0 45.0 1429 970 9.4 4.3 0.5 16.9 113.1 &7 12.9 19.1 105.0 12.8 250 160 39286 23000 2976 3300
10 957.0 469.0 53.4 452 3160 1.0 3.5 0.9 34.3 56.4 45 25.3 35.5 36.8 5.4 302 160 17466 21000 579 3100
11 659.0 413.0 45.1 507 1090 0.4 0.9 0.4 34.5 60.1 76 29.2 25.4 17.7 8.8 232 240 15942 29000 536 4500
12 209.0 222.0 26.2 1060 2700 0.4 2.6 0.4 6.6 27.8 27 4.9 4.6 23.4 1.9 59 7% 13907 27000 927 <100
13 206.0 206.0 36.8 1301 3040 0.4 %.0 0.4 16.9 34.2 36 6.9 7.1 J2.4 4.6 66 65 14384 29000 959 3700
14 193.0 177.0 65.7 1474 2440 0.4 1.3 0.4 l14.4 32.7 32 1.9 6.8 16.6 4.2 56 60 12179 28000 769 3900
15 4.0 9.6 1.9 33 510.4 0.40.¢° 1.1 8.5 13 30.2 33.2 46.6 2.1 275 280 14504 12000 70 1200
16 7.5 21.7 2.3 43 66 0.9 0.4 0.9 1.5 12.4 18 42.5 49.0 64.6 15.6 349 330 17829 14000 101 1500
A7 2.6 7.6 1.1 29 43 0.4 0.¢ 0.4 0.8 6.4 12 19.1 19.4 52.5 1.5 167 250 10000 9200 &0 790
18 14.9 22.2 3.0 91 6820.4 1.01.0 5.8 22.3 21 68.6 97.6 79.1 18.F7 275. 480 21667 20000 125 2300
19 7.0 13.4 2.0 &1 650.4 0.7 0.4 1.8 13.1 19 S7.2 65.1 50.9:17.8 204 300 17518 15000 109 1200
20 6.8 12.3 2.1 41 77 8.6 0.4 0.4 1.9 12.3 35 47.1 58.5 48.8 11.9 282 410 15217 18000 103 1600
21 2.1 3.7 0.8 14 280.4 0.40.5 1.0 41 9 33 2.7 1.1 1.0 71 85 3622 5400 18 200
22 2.5 5.8 1.0 14 260.¢ C.4 2.4 1.6 5.1 i1 8.9 6.2 2.4 1.0 83 78 4916 4600 25 210
23 1.2 3.5 0.6 11 260.¢4 0.40.7 0.7 3.8 35 5.2 2.1 1.3 1.0 63 87 3829 4700 22 170
2¢ 1.8 4.5 0.5 12 32 0.4 0.4 2.6 1.2 4.2 9 6.9 4.9 1.2 1.0 80 89 4380 6800 19 260
25 2.7 5.0 0.8 15 300.¢ 0.40.% 1.3 &2 9 7.7 3.3 2.2 1.0 74 79 5469 5700 30 170
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N 99.4671  0.3322
otk R DN RIFFLE 94.1818 2.9250
BUC R DN RIFFLE 96.8326 1.4672
'BLK R DN -RIFFLE 94.3590 2.7879,
BLK R'DN  POOL ~ 93.1373  2.6478
BLK R'DN POOL '~ 84.5045 ' '8.1899
BLK R BN POOL-  93.8511 {2.7637
CH# LAKE POOL  87.1795 12.2645
€W LAKE POOL  89.8575  6.883%
CM LAKE PODL  97.9442 . 1.4700
TAILINGS . 99.4110 0.0640
TATILINGS . 99.7750  0.0480
TATLINGS . 98.9010 ©.1360
WS PARK  RIFFLE 93.3567 4.146%
WS PARK POOL  97.947% 0.8820
"ZNC  ZNOX ZND ZNR TZN CUE
2.3 4.2 0.6 13 26 0.4
2.7 37.8 6.0 68 83 0.%
25.5 346.5 6.8 95 8% 0.6
6.6 26.8 5.2 65 83 0.4
1.2 31.5 5.1 66 100 0.4
12.0, 21.4 5.77 4% 69 0.4
6.5 22.0 5.0 45 ' 83 0.4,
8.6 ,17.8 6.9 ‘93.160 0.4’
8.2 r16.1 7.1 = 95 160 0.4
8.2 '17.9 6.6 107 170 0.4
167.0 84.2 9.5 397 720.0.%
166.0 105.0 9.4' 439 900 0.6
158.0 9%.9 7.0 408 700 0.5
260.0 295.0 27.0 187 370 0.7
240.0 234.0 19.6 137 200 0.9
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